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The anaerobic oxidation of short-chain alkanes in hydrothermal vents 
 
Abstract 
 
Microorganisms are central to the cycling of methane on Earth. The anaerobic 
oxidation of methane (AOM) is a globally important process in anoxic marine sediments, 
which is often coupled to the reduction of sulfate by anaerobic methanotroph (ANME) 
archaea and sulfate reducing bacteria (SRB). However, the environmental and geochemical 
conditions that constrain these microbial communities remain largely uncharacterized. In 
this dissertation, I present evidence that methane and C2-C4 alkanes are substantial sources 
of metabolic energy in sedimented hydrothermal vent systems. Furthermore, these studies 
demonstrate that AOM and C2-C4 alkane oxidation linked to sulfate reduction (SR) are 
governed by temperature and substrate availability.  
Using continuous-flow sediment bioreactors and batch incubations, rate 
measurements revealed a striking uncoupling of AOM from SR across the thermal gradient 
characteristic of hydrothermal vent sediments, with AOM occurring at the highest 
temperature (90°C) in the absence of SR. I discovered that ANMEs were present in 
sediments at all temperatures investigated, including a unique thermophilic ANME clade, 
while SRB were only detected in cooler regimes. Next, I present data from batch 
incubations demonstrating for the first time that substantial C2-C4 alkane oxidation occurs 
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over a broad temperature range (25 - 75°C) in hydrothermal vent sediments and is coupled 
to SR up to 75°C with maximum rates at 55°C. Furthermore, there was preferential 
degradation of C2-C4 alkanes at 55°C, indicating that the active alkane oxidizers are 
thermophilic.  At the rate maxima, 16S rRNA pyrotag sequence data revealed that a novel 
SRB lineage was the likely phylotype mediating the anaerobic oxidation of C2-C4 alkanes.  
Finally, I present a comparative study of methane- and sulfur-cycling ecotypes in 
geographically separated hydrothermal vent and hydrocarbon seep sediments. By 
employing high throughput sequencing of 16S rRNA genes coupled to geochemical data, I 
was able to establish the environmental constraints that determine ANME and SRB ecotype 
diversity and distribution in these biogeochemically distinct deep sea habitats. In summary, 
this dissertation sheds light on the pervasive effects of temperature, substrate availability, 
and habitat type on these metabolic processes that are critical for the cycling of carbon and 
sulfur in deep sea hydrothermal vent sediments. 
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 Methane is the most abundant hydrocarbon in Earth’s atmosphere and a potent 
greenhouse gas found in a diversity of ecosystems, including terrestrial soils, aquatic 
habitats, marine sediments, hydrothermal vents, hydrocarbon seeps, and Arctic thaw lakes 
(Valentine, 2011; Walter et al., 2007).  In the oceans, terragrams of methane produced in 
marine sediments are consumed near the sediment-seawater interface. Previous 
investigations of the microbial communities associated with carbon cycling in marine 
sediments have focused intensely on the anaerobic oxidation of methane (AOM) coupled to 
the consumption of dissolved electron acceptors, particularly in the form of sulfate reduction 
(SR) (for reviews, see Knittel and Boetius, 2009; Conrad, 2009; Valentine, 2011). Microbes 
catalyzing AOM have been observed in syntrophic consortia of methane-oxidizing archaea 
and sulfate reducing bacteria that have evolved mechanisms to break the C-H bond reticent 
to degradation in the absence of oxygen (Boetius et al. 2000, Hoehler et al. 1994, Orphan et 
al. 2001). Integrative studies of AOM have elucidated much about the identity (Knittel and 
Boetius, 2009), functional potential (Krüger et al., 2003; Hallam et al., 2004), and ecological 
physiology (Girguis et al., 2003, 2005) of the marine microbial consortia that mediate this 
process. 
 However, global analyses have demonstrated that non-methane alkanes (C2-C4) are 
also a common component of the utilizable carbon pool in sediments worldwide and that 
SR is only loosely coupled to AOM in the deep sea, indicating the oxidation of other 
hydrocarbons in concert with SR in these environments (Joye et al., 2004; Milkov, 2005; 
Cruse and Seewald, 2006; Savage et al., 2011). From a thermodynamic standpoint, the 
anaerobic microbial oxidation of these aliphatic hydrocarbons is more energetically 
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favorable than AOM (Muyzer at al., 2008). Therefore, the preferential degradation of C2-
C4 alkanes may compete with AOM for the use of sulfate and other potential oxidants. Such 
processes could constrain methane release from the deep sea with a significant impact on 
the global carbon cycle and climate.  
 While much has been elucidated regarding the geochemistry, microbial ecology, and 
physiology of AOM, the microbial communities and biogeochemical interactions involved 
in the cycling of C2-C4 alkanes linked to SR in the deep sea are largely unknown. To this 
end, the thesis presented here advances our understanding of the microbial communities 
mediating anaerobic C1-C4 alkane oxidation and SR within hydrothermally influenced 
sediments and comparative deep sea habitats through molecular surveys and geochemical 
investigations of the following: 
 
1) Effect of temperature and sulfate concentration on AOM in hydrothermal vents (Ch. 2) 
2) C2-C4 alkane oxidation and SR across hydrothermal temperature gradients (Ch. 3)  
3) Distribution of methane- and sulfur-cycling phylotypes in the deep sea (Ch. 4) 
 
Biogeochemical cycling of short chain alkanes 
 The biologically mediated formation of methane is an important process in both 
terrestrial and marine anoxic environments, serving as the greatest source of methane on 
Earth (Raskin et al., 1994; Reeburgh, 1996, 2007).  Methanogenic archaea use carbon that 
has already been degraded extensively by fermentation and other catabolic processes that 
leave simple carbon molecules in the sediment column (Martens and Berner, 1974). In 
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marine sediments, methanogens can reduce CO2 with H2, formate, methanol, 
methylamines, and/or acetate leading to the formation of large subsurface clathrate 
reservoirs under the correct temperature and pressure conditions (Dickens et al., 2003). 
There is an indirect linkage between methanogenesis and the sulfur cycle in sulfate-rich 
marine sediments. When the majority of sulfate has been reduced to sulfide, methanogens 
dominate the microbial population and outcompete SRB for the common substrates of H2 
and acetate (Strocchi et al., 1994). 
 A long-held paradigm is that methanogenesis constitutes a carbon sink in many 
anaerobic marine and terrestrial ecosystems as the terminal electron accepting process 
(Ferry 1993, Stams et al. 1994). The annual rate of methanogenesis in the oceans is 85 – 
300 Tg CH4 year-1; however, the predicted global activity of AOM within marine sediments 
prevents >90% of this potent greenhouse gas from escaping into the water column and 
subsequently the atmosphere (Hinrichs and Boetius, 2002; Reeburgh, 2007). In the past 25 
years, compelling evidence has mounted indicating that microbially mediated AOM is a 
major component of carbon cycling in anoxic marine environments.  
 The first geochemical evidence of AOM in anoxic sediments was the observation that 
methane diffusing upward from lower sediments disappeared in the same zone that sulfate 
was depleted, which is known as the sulfate-methane transition zone (SMTZ) in anoxic 
aquatic environments (Martens and Berner, 1974; Reeburgh, 1976). SMTZs can extend 
from centimeters to hundreds of meters below the seafloor, depending on the depth of 
methane production, rate of organic carbon burial, and transport of substrates. These initial 
observations were corroborated by radiotracer studies of marine sediments with 14C-labeled 
 5 
methane and 35S-labeled sulfate revealing that AOM rates corresponded to SR rates 
(Iversen and Jørgensen, 1985). Extremely 13C-depleted archaeal-specific lipids were later 
extracted from cold seeps and hydrate-rich sediments, indicating that methane served as a 
carbon source for the microorganisms (Hinrichs et al., 1999).  
 In situ determination of the geochemical characteristics of seep sediments containing 
short-chain alkanes in addition to methane has demonstrated that SR is decoupled from 
AOM, indicating that other aliphatic and/or aromatic compounds support the majority of 
SR. Therefore, the anaerobic oxidation of C2-C4 alkanes coupled to SR may be a significant 
contributor to community bioenergetics in deep sea ecosystems. These short-chain alkanes 
have been found in diverse ecosystems, ranging from the deep sea to the atmosphere of 
Mars, and were previously thought to be solely thermogenic in origin and derived from the 
thermal degradation of fossil organic matter (Claypool and Knevolden, 1983). However, the 
microbial production of ethane and propane was indicated from stable carbon isotope 
compositions of cold sediments from the deep marine subsurface (Hinrichs et al., 2006).  
 
Marine microorganisms mediating the anaerobic oxidation of methane 
 The capability of bacteria living in aerobic environments to utilize methane as a 
carbon and energy source by a reaction involving oxygen and a monooxygenase is well 
established (Thauer and Shima, 2008). However, the oxidation of methane under anaerobic 
conditions was previously thought to be improbable due to thermodynamic constraints. The 
energy gleaned from methane oxidation in anoxic environments is predicted to be small (-20 
to -30 kJ/mol) with sulfate as the terminal electron acceptor in AOM zones (Hoehler et al., 
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1994). Microbes capable of mediating methane oxidation coupled to SR were first revealed 
microscopically via fluorescence in situ hybridization (FISH) analysis of methane-rich 
sediments from Hydrate Ridge, which are characterized by extremely high turnover rates of 
methane (5 mM/day) linked to SR (Boetius et al., 2000). A structural consortium of archaea 
associated with SRB was visualized using rRNA-targeted oligonuecleotide probes.  
Genomic, lipid, and isotopic evidence suggest that these Euryarchaeota are 
phylogenetically related to the orders Methanosarcinales and Methanomicrobiales, and three 
distinct lineages have been identified in marine environments to date: ANME-1, ANME-2, 
and ANME-3 (Hinrichs et al., 1999; Lloyd et al., 2006; Orphan et al., 2000). Intriguingly, 
variations in pH, pressure, temperature, and salinity have been shown to influence rates of 
SR coupled to AOM mediated by different ANME phylotypes, suggesting that individual 
phylotypes may be particularly adapted to thrive within certain environmental regimes 
(Kallmeyer and Boetius, 2004; Nauhaus et al., 2005; Meulepas et al., 2009). Nevertheless, 
the influence of environmental and geochemical gradients on these microbial communities 
remains largely uncharacterized. 
 While ANMEs are frequently observed in consortia with SRB of the 
Desulfosarcinales/Desulfococcus (DSS) group (Boetius et al., 2000; Orphan et al., 2001), the 
nature of the syntrophic relationship is still poorly constrained (Chistoserdova et al., 2005; 
Joye et al., 2004; Kniemeyer et al., 2007; Nauhaus et al., 2002). The population dynamics 
of these consortia have been successfully characterized in artificial seep bioreactors that 
allow for community enrichment, although no pure culture of any of the ANME groups has 
been generated thus far (Girguis et al., 2003a; Girguis et al., 2005). However, ANME-1 are 
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often found without any consortial partner, and recent studies have shown that SR is not 
required for AOM activity (Beal et al., 2009; Milucka et al., 2012; Wankel et al., 2012). 
Therefore, AOM coupled to SR may occur within individual methanotropic archaea and 
not solely in the consortial paradigm. 
 
The microbial anaerobic oxidation of short-chain alkanes 
 
In contrast to the relatively recent study of AOM, the aerobic oxidation of 
hydrocarbons has been known to occur as a biologically mediated process for over a 
century. Most investigations of hydrocarbon biodegradation have focused on these aerobic 
processes, such as the biochemistry of propane oxidation by the Mycobacterium - Rhodococcus 
complex (Ashraf and Murrel, 1990, 1992), and the role of butane monooxygenase in the 
degradation of anthropogenic compounds (Natsuko et al., 1999). The anaerobic oxidation 
of long chain alkanes (C6 or greater) and aromatic hydrocarbons was characterized two 
decades ago and has been extensively studied in a variety of microbes, such as the 
degradation of crude oil hydrocarbons by SRB (Van Hamme et al., 2003).   
In a landmark study, bacteria from Gulf of Mexico and Guaymas Basin 
hydrocarbon seep sediments were enriched that anaerobically oxidize short-chain alkanes to 
generate CO2 with the preferential utilization of 12C-enriched alkanes (Kniemeyer et al., 
2007). A pure culture (deemed strain BuS5) was isolated from enrichments with Guaymas 
Basin hydrocarbon seep sediments at 28°C with propane or n-butane. Based on the 16S 
rRNA gene sequence, strain BuS5 is most closely related to the metabolically diverse 
Desulfosarcinales/Desulfococcus (DSS) cluster, which also contains the SRB partners of ANME 
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in marine sediments. Additional propane and butane-degrading members of the DSS 
cluster have also been isolated from Gulf of Mexico and Hydrate Ridge sediments with 
maximum SR rates between 16 and 20°C (Jaekel et al., 2012).  However, no microbe 
capable of ethane oxidation was isolated in the Kniemeyer et al. 2007 study or has been 
identified to date. Although the enzymes responsible for anaerobic C2-C4 oxidation have yet 
to be purified and characterized, metabolites from BuS5 indicated that propane oxidation 
occurs by either a subterminal or terminal alkane activation involving fumurate addition 
(Kniemeyer et al., 2007; Rabus et al., 2001; Schink and Freidrich, 1994; Van Hamme et al., 
2003). Desulfobacteraceae-dominated enrichments from a terrestrial, low temperature sulfidic 
hydrocarbon seep also corroborated that propane degradation occurred via a fumarate 
addition pathway (Savage et al., 2011).  
 In light of the aforementioned geochemical and microbial observations, a thorough 
investigation of C1-C4 alkane oxidizing microbial communities in marine sediments is 
required to understand the role of these metabolisms in global geochemical cycles. The 
environmental factors that regulate or limit AOM in the deep sea are not well constrained. 
Furthermore, the anaerobic oxidation of C2-C4 alkanes co-occurs with AOM and may 
potentially compete for available electron acceptors (Bowles et al., 2010; Joye et al., 2004; 
Kneimeyer et al., 2007; Orcutt et al., 2005). The recent discovery of anaerobic C2-C4 
oxidation by SRB in deep sea environments has shed light on the gaps in our knowledge of 
microbial metabolism at hydrothermal vents and hydrocarbon seeps.  
 
The Middle Valley hydrothermal vent system as a natural laboratory  
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 The work comprising this thesis focuses on the sediment-covered hydrothermal vent 
systems found at Middle Valley (Juan de Fuca Ridge, eastern Pacific Ocean). As part of the 
mid-ocean ridge system, this environment is characterized by sharp physicochemical 
gradients that have a pronounced effect on microbial ecology and activity. Mid-ocean ridges 
are underwater mountain ranges that span over 75,000 km in length across the globe. Deep 
sea hydrothermal vents occur along active mid-ocean ridges and back arc spreading centers 
with steep thermal and chemical gradients, a diverse array of carbon sources, and relatively 
high concentrations of dissolved volatiles (Butterfield et al.,  1990; Butterfield et al., 1994; 
Von Damm, 1995). Recent estimates of the reservoir volume in the ocean crust predict that 
the entire volume of the oceans cycles through the upper crust every 75,000 – 200,000 years 
with residence times in the crustal reservoir as rapid as three years (Wheat et al., 2003; 
Coumou et al., 2008). Seafloor hydrothermal vents have been deemed marine hot springs 
and hydrothermal reactors where geothermally heated water is discharged out of the 
Earth’s lithosphere into the ocean exhibiting high metabolic energy flow and 
physicochemical variability across many spatial scales. 
 The Middle Valley (MV) hydrothermal system is an extensional axial rift valley 
located on the northern end of the Juan de Fuca Ridge ~400 km off the coast of 
Washington and Oregon and filled with 300 – 1500 m of terrestrial and hemipelagic 
sediment derived from the nearby continental shelf during Pleistocene sea-level lowstands 
(Goodfellow and Blaise, 1988; Davis and Fisher, 1994). The hydrothermal vents at MV are 
characterized by high sedimentation rates due to terrigenous inputs from the North 
American continental margin. In these systems, hydrothermal venting occurs in two main 
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regions that are located ~4 km apart: the Dead Dog and Ore Drilling Program (ODP) 
Mound vent fields (Davis and Villinger, 1992). Hydrothermal fluids interact with overlying 
sediments and the thermal alteration of sedimentary organic matter results in the release of 
diverse carbon sources. Methane-enriched fluids are available to microbial communities 
over a range of temperatures along with other dissolved volatiles (hydrogen sulfide, 
hydrogen, methane, and carbon dioxide) including short-chain alkanes  (Ran and Simoneit, 
2004; Cruse and Seewald, 2006). There are also elevated levels of Fe, Cr, and As in these 
sediments, with surface layers exhibiting high amounts of Mn, Cu, and Zn as a result of 
diagenetic processes (Goodfellow and Blaise, 1988; Ames et al., 1993). The aforementioned 
studies indicate that hydrothermal vents and the associated sediment communities may 
contribute more significantly to the global carbon budget than is currently assumed.  
 The MV hydrothermal vent field is a prime environment for investigating mesophilic 
to thermophilic anaerobic oxidation of C1-C4 alkanes, given the thermal gradients and 
dissolved hydrocarbons characteristic of these metalliferous sediments. In this dissertation, I 
employed quantitative molecular and geochemical techniques including in situ collections, 
laboratory experiments, and in silico approaches to determine the relationship between the 
activity, diversity, and distribution of anaerobic C1-C4 alkane oxidizing and sulfate reducing 
microbial communities within Middle Valley sediments. In Chapter 2, I quantified the rates 
of AOM and SR and putative phylotypes mediating AOM across thermal gradients in 
hydrothermal MV sediments. Intriguingly, SR and AOM were decoupled, with AOM rates 
exceeding SR rates at high temperatures (90°C), and a previously unknown clade of 
ANME-1 was detected that appears to be unique to thermophilic MV sediments.  
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 In Chapter 3, subsequent investigation of the anaerobic oxidation of C2-C4 alkanes 
revealed that these metabolisms were coupled to SR at a lower temperature range (25 -
75°C) under sulfate-reducing conditions. I also discovered that a novel SRB lineage most 
likely mediates the oxidation of C2-C4 alkanes at thermophilic (55°C) temperatures, which 
corresponded with the maximum observed C2-C4 alkane oxidation and SR rates. In 
Chapter 4, I then utilized recent advancements in next generation sequencing technology to 
determine the relationship between the diversity and distribution of such carbon- and 
sulfur-cycling ecotypes across environmental gradients found in deep sea chemosynthetic 
systems and the biogeographical range spanning the West Coast of the United States. 
Substrate availability, temperature, and associated phylotypes (which potentially serve as 
metabolic partners) were the primary drivers implicated in the observed patterning of SRB 
and ANME ecotypes in these diverse deep sea ecosystems. In summary, this dissertation 
sheds light on the importance of the microbial communities responsible for carbon and 
sulfur cycling in the deep sea and on the biogeochemical relationship between the anaerobic 
oxidation of short-chain alkanes and SR.  
 Throughout Earth’s history, the flux of methane from sediments has been correlated 
with significant variations in global climate (Dickens et al., 2003; Katz et al., 1999; Norris 
and Röhl, 1999). Sediment-hosted microbial communities represent an effective biological 
“filter” that consumes almost all of the methane produced in ocean seafloor sediments. 
However, the environmental regulation of the anaerobic oxidation of C1-C4 alkanes in 
relation to SR has remained largely uncharacterized. This thesis demonstrates that C2-C4 
alkane degradation linked to SR is a significant process in deep sea sediments that may 
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influence AOM through competition for available electron acceptors. Furthermore, the 
integrative studies presented here redefine our understanding of how these pervasive 
hydrocarbons allow sediment microbial communities to thrive across a range of 
environmental gradients by employing novel metabolic processes.  
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Summary
The anaerobic oxidation of methane (AOM) is a glo-
bally significant sink that regulates methane flux from
sediments into the oceans and atmosphere. Here we
examine mesophilic to thermophilic AOM in hydro-
thermal sediments recovered from the Middle Valley
vent field, on the Juan de Fuca Ridge. Using
continuous-flow sediment bioreactors and batch
incubations, we characterized (i) the degree to which
AOM contributes to net dissolved inorganic carbon
flux, (ii) AOM and sulfate reduction (SR) rates as a
function of temperature and (iii) the distribution and
density of known anaerobic methanotrophs (ANMEs).
In sediment bioreactors, inorganic carbon stable
isotope mass balances results indicated that AOM
accounted for between 16% and 86% of the inorganic
carbon produced, underscoring the role of AOM in
governing inorganic carbon flux from these sedi-
ments. At 90°C, AOM occurred in the absence of SR,
demonstrating a striking decoupling of AOM from SR.
An abundance of Fe(III)-bearing minerals resembling
mixed valent Fe oxides, such as green rust, suggests
the potential for a coupling of AOM to Fe(III) reduction
in these metalliferous sediments. While SR bacteria
were only observed in cooler temperature sediments,
ANMEs allied to ANME-1 ribotypes, including a
putative ANME-1c group, were found across all
temperature regimes and represented a substantial
proportion of the archaeal community. In concert,
these results extend and reshape our understanding
of the nature of high temperature methane bio-
geochemistry, providing insight into the physiology
and ecology of thermophilic anaerobic methanotro-
phy and suggesting that AOM may play a central role
in regulating biological dissolved inorganic carbon
fluxes to the deep ocean from the organic-poor, met-
alliferous sediments of the global mid-ocean ridge
hydrothermal vent system.
Introduction
Methane, a potent greenhouse gas, is biologically cycled
in a diversity of ecosystems ranging from terrestrial soils
to high-arctic lakes to hydrothermal vents and hydro-
carbon seeps (Walter et al., 2006; Reeburgh, 2007; Val-
entine, 2011). In marine sediments, investigations of
microbially mediated methane cycling have largely
focused on characterizing the anaerobic oxidation of
methane (AOM) (for reviews, see Conrad, 2009; Knittel
and Boetius, 2009; Valentine, 2011), as AOM is estimated
to consume ~ 75% of the methane produced in marine
sediments (Reeburgh, 2007). Geochemical studies
(Martens and Berner, 1974; Reeburgh, 1976; Alperin
et al., 1988; Hoehler et al., 1994; Lapham et al., 2008a),
radiotracer metabolic assessments (Alperin and Ree-
burgh, 1985; Iversen and Jorgensen, 1985; Joye et al.,
2004), laboratory incubations (Alperin and Reeburgh,
1985; Nauhaus et al., 2002; 2007; Girguis et al., 2003;
2005) and molecular microbiological studies (Hinrichs
et al., 1999; Boetius et al., 2000; Orphan et al., 2001;
2002; Biddle et al., 2011; Lloyd et al., 2011) have demon-
strated a coupling and close spatial association of anaero-
bic methanotrophs (ANMEs) and sulfate reducers (SRB).
The syntrophic interaction of these groups is thought to
mediate AOM, although stoichiometric variations in the
coupling between AOM and sulfate reduction (SR) have
also been observed, likely as a function of organic matter
availability (Kallmeyer and Boetius, 2004; Nauhaus et al.,
2005; Orcutt et al., 2005; Meulepas et al., 2009; Bowles
et al., 2011; Burdige and Komada, 2011). AOM has also
been linked to reduction of other electron acceptors,
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including oxidized species of N, Fe and Mn, although
previously observed rates were modest (Ragshoebarsing
et al., 2006; Beal et al., 2009; Ettwig et al., 2010).
Although the majority of work to date has targeted low-
temperature marine ecosystems, research has begun to
shed light on the role of AOM in higher temperature envi-
ronments. Recent studies of AOM in Guaymas Basin, a
sedimented and organic-rich hydrothermal field, have
shown that AOM and SR can occur across a range of
elevated temperatures, and that the coupling of AOM and
SR continues at elevated temperatures (Schouten et al.,
2003; Kallmeyer and Boetius, 2004; Biddle et al., 2011;
Holler et al., 2011). Given the ubiquity of hydrothermal
systems along the mid-ocean ridge system, and their
important role in biogeochemical cycles (Wheat et al.,
2003; Coumou et al., 2008; Tagliabue et al., 2010) deter-
mining the significance of AOM in these systems is a
major step towards improving constraints on methane
dynamics at a global scale. Of particular interest is the
importance of AOM and SR in hydrothermal environments
characterized by high-temperature sediments and fluids
that are high in methane, metal-rich (or metalliferous), but
contain lower amounts of organic carbon. Such metallif-
erous environments might further foster the coupling of
AOM to others oxidants such as metal oxides, especially
when the organic carbon load, and associated sulfate
reduction rates, are low.
The Middle Valley hydrothermal vent field – an exten-
sional axial rift valley located on the northern end of the
Juan de Fuca Ridge – is an appropriate environment for
investigating the nature and extent of AOM at elevated
temperatures and lower organic carbon. In contrast to
Guaymas Basin, a relatively well-studied hydrothermal
vent system hosting very organic-rich sediments, Middle
Valley represents a system that is more typical of mid-
ocean ridge hydrothermal vents worldwide. The vent
fluids and metal rich sediments of Middle Valley contain
high concentrations of reduced compounds, such as H2,
H2S and CH4 (Ames et al., 1993; Rushdl and Simonelt,
2002; Cruse and Seewald, 2006; 2010; Cruse et al.,
2008), and metals such as Fe, Cr and As, as well
as the presence of oxidized Fe minerals including lepi-
docrocite (Goodfellow and Blaise, 1988; Ames et al.,
1993).
Here we present an integrative biogeochemical inves-
tigation of mesophilic and thermophilic AOM in metallifer-
ous hydrothermal sediments that examines (i) the
contribution of AOM to net inorganic carbon production,
(ii) net AOM and SR rates as a function of temperature,
(iii) the coupling of AOM and SR across temperatures and
(iv) the diversity, phylogeny and distribution of the micro-
bial community catalysing AOM in these hydrothermal
sediments. Using thermal gradient, continuous-flow biore-
actors (Fig. 1), the contribution of AOM to carbon cycling,
as well as net AOM rates, were constrained via carbon
stable isotope mass balance. The coupling of AOM and
SR as a function of temperature was addressed by using
sediment slurry incubations (herein referred to as ‘batch’
incubations) that enable the measurement and compari-
son of AOM and SR rate measurements in a closed
system and at discrete, environmentally relevant tem-
peratures (20°C, 55°C and 90°C). Archaeal and bacterial
diversity in the whole sediment core incubations was
characterized via massively paralleled pyrosequencing,
and known ANMEs were quantified using quantitative
PCR and visualized via fluorescent in situ hybridization
(FISH). Collectively, these data provide insight into AOM
Fig. 1. Schematic of the high temperature, continuous flow
bioreactor with only one sediment core shown (for simplicity). To
reproduce hydrothermal vent-like influent for percolation through
the sediments, gas mixtures containing methane, hydrogen sulfide,
and nitrogen were delivered (A) via mass flow controllers into the
bottom of a 1 m long polyvinylchloride gas equilibration column (B).
Headspace pressure in the column was maintained with a back
pressure regulator (C) and fluid level was maintained by
automatically addition of filter- and UV-sterilized seawater (D).
Seawater level was controlled via a float-activated relay (E),
allowing the solution to equilibrate with the headspace. Simulated
vent fluid was delivered to each core using a multi-channel,
peristaltic pump (F) with gastight vinyl tubing. 30 cm long
polycarbonate columns (6.4 cm ID; 0.64 cm wall) (G) fit with
custom double o-ring sealed top and bottom plugs (H) housed the
sediment cores and enabled long-term irrigation. Thermostatically
controlled heating jackets (I) were used to establish thermal
gradients from ~ 90°C to 25°C. Fluid and gas samples were
regularly collected from both the influent stream in the effluent
stream from the top of each core (J) throughout incubation.
2 S. D. Wankel et al.
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and SR dynamics in hydrothermal sediments, the diver-
sity and distribution of known and new groups of ANMEs
across thermal and chemical gradients, and the signifi-
cance of AOM in hydrothermal sediment carbon cycling.
Results
Isotope mass balance constraints on AOM and OC
oxidation from continuous flow incubations
Inflow dissolved inorganic carbon (DIC) concentrations of
inlet seawater remained constant (2.1 ! 0.1 mM) for the
entire duration of the experiment. However, steady-state
outflow DIC concentrations markedly increased in all four
cores (Fig. 2), ranging from 2.6 to 4.9 mM (Table 1). Net
DIC fluxes at steady state (inflow minus outflow) ranged
from 8.2 to 28.6 mmol m-2 day-1 (Table 2). The change in
outflow DIC stable carbon isotope ratio (d13CDIC) diverged
from the inflow d13CDIC (+3.4‰) to compositions ranging
from -12.0‰ to -21.0‰ (Fig. 2). In contrast to the DIC,
methane (CH4) concentrations decreased substantially
between inflow (~ 2.8 ! 0.6 mM) and outflow (< 0.3 mM)
among all cores, reflecting steady-state CH4 consumption
in sediments. Periodic outgassing of CH4 (ebullition) was
observed as the CH4-saturated inflow fluid travelled
across thermal regimes, which precluded the use of
changes in CH4 concentration to validate the mass
balance model, but otherwise had no substantive impact
(see Discussion). CH4 d13C exhibited small changes
between inflow (-40.2‰) and outflow (-40.6‰ to
-38.2‰). Bulk sediment organic carbon content was 0.4%
and exhibited a homogenous d13C composition ranging
from -28.7‰ to -29.3‰ (Table S1). Using a steady-state
isotope mass balance model, estimates of DIC production
by AOM ranged from 2.2 to 10.1 mmol m-2 day-1. Esti-
mates of DIC production by OC oxidation ranged from 1.2
to 23.9 mmol m-2 day-1 (Table 2). Mass balance calcula-
tions of volumetric AOM and OC oxidation from the DIC
isotope mass balance ranged from 11.1–51.2 nmol cc-1
day-1 and 0.0 to 132.9 nmol cc-1 day-1 respectively
(Table 2). Thus, AOM accounted for 86–100%, 16–32%,
58–100% and 23–44% of the DIC produced in Cores 1
through 4 respectively. Sensitivity of these modelled rate
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Fig. 2. Stable carbon isotope (d13C) mixing model illustrating steady-state flux and d13C of inflow and outflow dissolved inorganic carbon (DIC;
mmol day-1) in the flow-through core incubations. Mixing lines illustrate addition of DIC to background seawater (black square) from anaerobic
oxidation of sediment organic carbon (solid line; d13C = -29 ! 0.4‰, n = 21) or methane (dashed lines; inflow d13CCH4 = -40.2 ! 0.9‰ with
estimates of fractionation by AOM (eAOM) ranging from 4‰ to 17‰ based on estimates from previous sedimentary studies). Elevated outflow
DIC fluxes and lower d13CDIC values from all cores (relative to background seawater) indicate varying production of DIC by both processes.
Table 1. Steady-state concentrations and carbon stable isotopic composition (d13C) of DIC and CH4 in the influent and effluent of the flow-through
sediment core reactors, and average carbon content and stable isotopic composition of the sediment organic carbon.
Dissolved inorganic carbon Dissolved methane Sediment organic carbon
mM d13C (‰) mM d13C (‰) n % d13C (‰)
Inflow 2.11 ! 0.07 3.4 ! 0.5 2849 ! 643.9 -40.2 ! 0.9
Core 1 2.56 ! 0.30 -17.3 ! 0.7 133 ! 16.6 -40.6 ! 0.2 7 0.40 ! 0.03 -29.3 ! 0.6
Core 2 4.86 ! 0.40 -21.0 ! 0.7 243 ! 22.6 -38.2 ! 0.2 7 0.40 ! 0.01 -28.7 ! 1.9
Core 3 2.77 ! 0.20 -16.3 ! 0.8 216 ! 36.7 -38.7 ! 0.5 10 0.41 ! 0.05 -29.0 ! 0.4
Core 4 2.70 ! 0.09 -12.0 ! 0.6 261 ! 34.1 -39.7 ! 0.1 7 0.41 ! 0.03 -28.9 ! 0.2
See text for analytical methods and precision.
Anaerobic methane oxidation in hydrothermal vents 3
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estimates to selected parameters, in particular the kinetic
isotope effect by AOM (eAOM), are considered in the
discussion.
ANME-1a abundance across temperature gradient in
continuous flow incubations
Via quantitative PCR, 16S ssu rRNA genes allied to the
ANME-1a group of ANMEs were detected in virtually all
core strata (discretely sampled every 2.5 cm from top to
bottom, Fig. 3). ANME-1a abundance was quantified
(copies g sed-1) in subsamples from all four flow-through
incubations, with 7 to 10 vertical horizons (every ~ 2.5 cm)
measured in each core. The greatest abundance of
ANME-1a copies were detected in the lower temperature
horizons (26.6–35.5°C), ranging from 8.65 ¥ 103 to
1.42 ¥ 105 copies g sed-1. Intriguingly, the lowest abun-
dance of ANME-1a occurred at mid-range temperatures in
Table 2. Calculated rates of anaerobic oxidation of methane (AOM) and sediment organic carbon (OC).
Integrated rates (mmol m-2 day-1)
Core
A. Whole core DIC isotope mass balance
B. Interpolated
batch data
DIC production
AOM Organic matter oxidation (OrgCox)
eAOM = 4 eAOM = 17 eAOM = 4 eAOM = 17 AOM
1 8.2 – 7.0 – 1.2 12.9
2 28.6 9.2 4.6 19.3 23.9 14.0
3 10.1 – 5.8 – 4.3 19.1
4 9.5 4.2 2.2 5.3 7.3 16.2
Volumetric rates (nmol cc-1 day-1)
Core
C. Whole core DIC isotope mass balance
D. Interpolated
batch data
DIC production
AOM Organic matter oxidation (OrgCox)
eAOM = 4 eAOM = 17 eAOM = 4 eAOM = 17 AOM
1 41.1 – 35.1 – 5.9 64.7
2 158.5 51.2 25.6 107.4 132.9 77.7
3 36.0 – 20.8 – 15.3 68.2
4 47.4 20.8 11.1 26.6 36.3 81.1
A. Integrated rates of AOM and OC (mmol m-2 day-1) based on whole core incubation and DIC isotope mass balance. A range of rates is shown
based on the published range of values for eAOM in sediment environments (4–17‰; see text).
B. Integrated rates of AOM (mmol m-2 day-1) calculated by integrating estimates of depth-specific rates (every 2 cm) based on batch incubations
at 20°C, 5°C and 90°C across the measured temperature profiles of the whole core incubations. Integration was done using the trapezoidal rule.
C. Average volumetric rates of AOM and OC (nmol cc-1 day-1) in the whole core incubation calculated as in A.
D. Average volumetric rates of AOM (nmol cc-1 day-1) calculated as in B.
Fig. 3. Cell densities of ANME-1 anaerobic methanotrophic ribotypes as determined via quantification of 16 ssu rRNA gene copies per gram
sediment. Data are shown versus sediment temperature from all flow-through incubator cores (see text for details). DNQ = rRNA gene copies
were below our detection limits (100 copies per gram sediment). ANME-2c was not detected in any sediment core or horizon. Dotted line
represents sediment interval that did not amplify due to inhibition. Note that highest temperatures are toward the top. Note that differences in
sediment column heights result in variations in sample location with respect to temperature.
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all sediment cores, with notable increases in ANME-1a
abundance (Fig. 3) at higher temperatures in Core 2
(8.81 ¥ 102 ANME-1a copies g sed-1 at 80°C), Core 3
(1.53 ¥ 103 ANME-1a copies g sed-1 at 89°C) and Core 4
(3.09 ¥ 103 and 1.12 ¥ 103 ANME-1a copies g sed-1 at
63.6°C and 75°C respectively). In addition, total microbial
density decreased from low to high temperature strata
in the flow-through incubations, from approximately
5.7 ¥ 106 to 3.1 ¥ 105 cells ml-1 from low to high tempera-
ture strata respectively (Table S1). These results suggest
a higher relative abundance of ANME-1a with respect to
total microbial cell density in those higher temperature
sediments. ANME-2 ribotypes were not detected in any
strata via qPCR. While the abundances presented above
provide reasonable estimates of cell number, they should
not be viewed as data on the absolute density of ANMEs
as we do not yet know the number of 16 ssu rRNA gene
copies per genome.
Observations via FISH corroborate that ANME-1a
archaea, and not ANME-2, were present throughout all
sediment horizons of all cores (Fig. S1). Moreover, bac-
teria allied to the Desulfosarcina-Desulfococcus group
commonly associated with ANMEs were only observed in
the lower temperature sediments (20°C and 50°C), and
were not observed in sediments incubated at 90°C.
Phylogenetic diversity and distribution in sediments
from continuous flow incubations
A total of 19 010 archaeal sequences was generated via
pyrosequencing of a segment of the 16 small subnit
(ssu) rRNA gene from Core 2 sediments incubated at
~ 52°C (Fig. 4B; note that archaeal sequences from the
90°C sediments are not presented here due to issues
with primer bias. Euryarchaeotal sequences were pre-
dominantly allied to Thermoplasmata, Methanomicrobia,
Thermococci, Archaeoglobi and Halobacteria in decreas-
ing abundance (25%, 17%, 8.4%, 5.1% and 2.3%
respectively). Over 11.2% of sequences were allied to
ANME-1a ribotypes and phylogenetically clustered with
ANME-1a recovered from cold and warm marine sedi-
ments (Fig. S2). Other ribotypes also formed a unique
clade within the ANME-1, which we have denoted as
ANME-1c (Fig. S2). Other methanogen-like archaea
were also recovered, primarily allied to Methanosarcina-
les (Fig. 4B).
A total of 7633, 5827 and 7290 bacterial sequences
were also generated via pyrosequencing of DNA from
Core 2 sediments incubated at 35°C, 44°C and 90°C
respectively (the 44°C sample was proximal to the sedi-
ments analysed for the archaeal amplicon pool described
above). The majority of sequences from both libraries
were allied to the Proteobacteria, Firmicutes, Actinobac-
teria and Bacteriodetes at 54%, 34%, 2.2% and 2.1% of
sequences at 35°C; 20.4%, 43.1%, 6.78% and 17.93% at
44°C and 39%, 45%, 4.4% and 2.6% of sequences at
90°C respectively (Fig. 4A). Among the Proteobacteria,
sequences allied to known sulfate reducing Deltaproteo-
bacteria were detected at 35°C and 43°C, comprising
approximately 5% and 0.6% of the Proteobacterial
sequences. Nearly all these sequences were allied to the
genus Desulfobulbus, which is frequently observed in
association with ANME in marine environments (Perntha-
ler et al., 2008).
AOM and SR rates as a function of sediment depth and
temperature via batch incubations
Batch radiotracer incubations revealed that temperature
exerted a strong influence on AOM and SR rates (Fig. 5).
Maximum volumetric AOM rates were observed at
55°C (234 ! 152 nmol cc-1 day-1, n = 3), while maximum
SR rates were observed at both 20°C and 55°C
(~ 100 nmol cc-1 day-1; n = 3). Notably, at 90°C, substan-
tial AOM rates were observed (162 ! 5 nmol cc-1 day-1),
while SR rates were below our limits of detection
(~ 10 pmol cc-1 day-1). Larger differences observed
among some of the replicates is likely due to the persis-
tence of aggregates in these sediments, which were
extremely difficult to disrupt and prevented complete
homogenization.
In general, AOM and SR rates were also higher in
sediments recovered from shallower horizons in situ
(0–8 cm), where cell densities were highest (Table S1).
While AOM rates in the deepest two layers (8–12 cm and
12–18 cm) were lower than the uppermost layers for the
55°C and 90°C batch incubations, no differences were
observed in AOM rates among samples across depth
incubated at 20°C (Fig. 5). SR rates were highest in the
4–8 cm layer and were not detected in sediments recov-
ered from depths below 8 cm in the pushcores, regardless
of incubation temperature.
Discussion
Anaerobic oxidation of methane, and its relationship to
SR, has been widely studied in many low-temperature,
organic-rich marine sedimentary environments including
cold seeps, hydrate-hosted sediments, brine pools, mud
volcanoes and coastal shelf sediments (for review see
Knittel and Boetius, 2009). Despite observations of high
CH4 fluxes from many hydrothermal systems (including
sediment-hosted vents, e.g. Lilley et al., 1993; Seewald
et al., 1994; Cruse and Seewald, 2006; Wankel et al.,
2011), relatively little is known about the nature of AOM in
high temperature environments and the potential role of
AOM in the regulation of CH4 and DIC fluxes to the deep
Anaerobic methane oxidation in hydrothermal vents 5
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ocean. Gaps in our understanding of AOM at hydrother-
mal systems include knowledge of the magnitude of AOM
rates, the relationship between AOM and SR in hydrother-
mal systems, the composition of the anaerobic methan-
otrophic community, and the influence of temperature,
fluid advection and fluid or sediment organic matter
content on net AOM and SR rates. The data presented
here reveal substantial AOM rates in hydrothermal vent
sediments at temperatures from 20°C to 90°C, and
suggest that AOM rates in metalliferous, hydrothermal
sediments are elevated due in part to higher temperatures
and advective fluid delivery. These data further demon-
strate that AOM at higher temperatures is uncoupled from
sulfate reduction and may be linked to reduction of mixed
valence iron oxides. Our results indicate that AOM in this
hydrothermal system is most likely mediated by ANME-1
phylotypes, as other known ANMEs were not detected in
our community analyses or via qPCR or FISH. Equally
important, the high contribution of AOM to the DIC pool
establishes the significance of this process to carbon
fluxes from hydrothermal sediments. These and other
observations are discussed in detail below.
The AOM rates calculated from our flow-through incu-
bations are among the highest reported for gas hydrate-
free sediment and are similar in magnitude to those
observed in the sulfate-methane transition zone of
organic-rich sediments in coastal settings (e.g. Alperin
et al., 1988; Hoehler et al., 1994; Girguis et al., 2003;
Treude et al., 2005; Parkes et al., 2007; Knab et al.,
2008; Wegener et al., 2008). AOM rates (and subse-
quently the efficiency of CH4 removal by AOM) depends
heavily on the nature of methane delivery, given the high
Actinobacteria Synergistetes
ANME-1
Methanosarcinales
Archaeoglobi Thermococci
Mid (52°C)
B  Euryarchaeota 
δ
γ α
β
α
β
γ
δ
γ
α
β
A  Bacteria
Mid (44°C)
High (90°C)
Bacteroidetes
Candidate_division_OP8
Candidate_division_TM7
Chloroflexi
Cyanobacteria
Firmicutes
Proteobacteria
Verrucomicrobia
unclassified
Halobacteria
Methanomicrobia
Thermoplasmata
unclassified
Low (35°C)
Fig. 4. A. Bacterial community diversity as determined from massively parallel sequencing of DNA recovered from low (~ 35°C), middle
(~ 44°C) and high (~ 90°C) temperature flow-through reactor sediments (see text for details). Pie charts show the taxonomic breakdown of
sequences at the domain and phyla level. Legend indicates operational taxonomic units, defined as sequences sharing 80% nucleotide
sequence identity.
B. Euryarchaeal diversity as observed in the mid-temperature (~ 52°C) flow-through reactor sediments. Pie charts show the taxonomic
breakdown of sequences at the phyla and class level. Efforts to generate Euryarchaeal sequences from other temperatures were unsuccessful
due to bacterial amplification in the archaeal library.
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half-saturation constant (Km) of methane for AOM
(> 10 mM; (Nauhaus et al., 2005; 2007) and first-order
nature of AOM with respect to CH4 concentration (Knab
et al., 2008). In diffusion-dominated systems, AOM rates
can be on the order of pmol cc-1 day-1 with complete
consumption of CH4 occurring within a narrow sulfate-
methane transition zone (e.g. Wellsbury et al., 2002).
Conversely, in advection-dominated systems, AOM rates
are generally higher (nmol cc-1 day-1 or higher) due to
more rapid methane replenishment (Boetius and Seuss,
2004; Girguis et al., 2005; Lapham et al., 2008b;
Solomon et al., 2009). Advective delivery of hydrothermal
vent fluids through Middle Valley sediments likely sup-
ports elevated AOM rates in situ and plays an important
role in our observed AOM rates during flow-through
incubations.
The AOM and SR rates were also investigated via batch
incubations across a range of temperatures (Fig. 5) to
validate AOM rates observed in the flow-through incuba-
tions and to constrain the relationship between AOM and
SR (discussed in more detail below). To enable compari-
son of the AOM rates from our batch and flow-through
incubations, AOM batch incubation rates (at 20°C, 55°C
and 90°C) were interpolated over the temperature profiles
measured in the flow-through incubations. Depth-specific
AOM rates were estimated over each sediment column
and integrated (via trapezoidal integration, Table 2). The
AOM rates measured in our batch reactions were two to
seven times higher than the rates calculated from our
flow-through incubations (Table 2), although they are still
comparable to those measured in cold seep sediments
(e.g. Girguis et al., 2003; Joye et al., 2004; Treude et al.,
2005). A number of explanations could account for the
observed differences in rates between the batch and
column experiments. Sediment heterogeneity, which is
extremely high in these settings, could explain the vari-
ability observed among the sediments that were used in
batch experiments or continuous flow reactors. Alterna-
tively, the duration of the flow-through incubations could
have led to changes to the ANME community relative to
those in the batch incubations. While the role of these
factors in the observed variability cannot be discounted,
we also suggest that the discrepancy may be due to
lateral heterogeneity within the continuous flow bioreac-
tors, due to channelization and flowpath heterogeneity
within the sediments. Formation of channels was
observed during the course of the experiments, which
occurred partially due to CH4 ebullition (see Results).
Flowpath heterogeneity is a ubiquitous attribute of advec-
tive flow through sediments, and the inherent sediment
heterogeneity (e.g. grain size) inevitably leads to small-
scale flow channelization within sediments (e.g. Torres
et al., 2002; Mahadevan and Mahadevan, 2010). Such
channelization would result in geochemical, thermal and
biological heterogeneity in situ as well as in our flow-
through incubations. In advective systems, rapid fluid
movement through sediments leads to a reduced resi-
dence time and thus a net reduction in the alteration of the
fluid composition (in this case, due to methane oxidation).
In such environments, the flux of fluid (and methane)
through preferential flow channels operates as a fast
‘bypass shunt’ that leads to a decrease in ‘oxidation effi-
ciency’ of the dissolved constituents (e.g. Sommer et al.,
2006; Dale et al., 2008). Therefore, the physics of fluid
movement, which controls fluid residence time within the
biologically active zone (e.g. < ~ 120°C), plays a primary
Fig. 5. (A) Anaerobic oxidation of methane
rates, (B) sulfate reduction rates in batch
incubations across sediment depths (0–4 cm,
4–8 cm, 8–12 cm and 12–18 cm sediment
depths) at three temperatures. AOM and SR
rates were determined by radiotracer
analyses. Each point represents the average
of three replicate rate measurements ! one
standard deviation. AOM rates almost always
exceeded SR rates and SR rates were
undetectable at the highest incubation
temperature. Note that all 90°C treatments
resulted in no measurable SR and that no SR
was detected in lower depths at all
temperatures.
Anaerobic Oxidation of Methane
nmol cc-1 day-1
Sulfate Reduction
nmol cc-1 day-1
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role in dictating the efficiency of this methane sink. Thus,
the lower rates of AOM measured in the core incubations
– compared with the more homogeneous batch incuba-
tions – may more closely reflect in situ conditions
observed in advective and heterogeneous regimes,
including hydrocarbon seeps and sedimented hydrother-
mal vents systems.
The batch radiotracer incubations were also used to
evaluate the relationship between AOM and SR over a
range of environmentally relevant temperatures. AOM
rates in sediments recovered from the upper 8 cm were
highest at 55°C followed by 90°C. While this observed
AOM rate maxima at 55°C is much higher than those
observed for microbial communities in cold environments
(Nauhaus et al., 2005; 2007; Meulepas et al., 2009), this
is consistent with other recent studies of high temperature
AOM in Guaymas Basin sediments with rate maxima
between 50°C and 60°C (Kallmeyer and Boetius, 2004;
Holler et al., 2011).
Most notably, there was a distinct shift in the ratio ofAOM
to SR among our batch experiments with increasing tem-
perature, suggesting a change in the relationship between
AOM and SR. Previous studies have demonstrated active
SR in high temperature hydrothermal vent sediments such
as the organic-rich sediments found in Guaymas Basin
(Jorgensen et al., 1992; Kallmeyer and Boetius, 2004). In
all of our 90°C incubations of Middle Valley sediments,
however, no SR was detected, despite ample available
sulfate and modest rates of AOM (Fig. 5). Congruent with
the absence of SR at high temperatures was the lack of
known SRB in the library of sequences recovered from
higher temperature sediments (Fig. 4A), the lack ofANME-
associated SRB visualized via FISH (Fig. S2) and the lack
of dissimilatory (bi)sulfite reductase (dsrA) amplification at
higher temperatures (not shown). Only the 20°C batch
incubations of upper 8 cm sediments exhibited AOM : SR
ratios that were consistent with the canonical stoichiometry
of AOM : SR (e.g. 1:1, Hoehler et al., 1994). In general,
stoichiometric ratios of DIC production to SR greater than
1 imply an increased contribution by sediment organic
carbon oxidation (in which oxidation of CH2O by SR would
yield a ratio ~ 2), and the ratio of DIC production to SR has
been used to partition the relative coupling of SR to anaero-
bic oxidation of either sediment organic carbon or methane
in diffusion-dominated porewater environments (Burdige
and Komada, 2011). Surprisingly, however, in our batch
experiments rates of AOM exceeded SR by a factor of 2 to
465 (when SR was quantifiable) at elevated temperatures.
When a stoichiometric ‘de-coupling’ of AOM and SR has
been noted in previous studies, SR has typically been
observed in excess ofAOM (e.g. global median estimate of
SR : AOM = 10.7:1; Bowles et al., 2011), which occurs
where the oxidation of other organic compounds support
SR (Joye et al., 2004; Bowles et al., 2011). Our data reveal
a striking uncoupling of AOM and SR, in which AOM
rates are vastly greater than SR. These data clearly dem-
onstrate that the canonical stoichiometry of AOM and
SR is not characteristic of AOM at the higher temperatures
and fluid composition found in these hydrothermal
sediments.
The absence of detectable SRB and measurable SR and
the presence of ANME and active AOM in the 90°C batch
incubations suggest that AOM is coupled to the reduction
of other electron acceptors. Indeed, recent studies have
documented the coupling of AOM to the reduction of other
terminal electron acceptors, such as nitrate or nitrite (Rag-
shoebarsing et al., 2006) and/or reactive minerals includ-
ing Mn and/or Fe oxides (Beal et al., 2009; Ettwig et al.,
2010). Acid extractions from these sediments revealed
substantial concentrations of oxidized iron (Fe, up to
67 mmol per g dry sediment) within the sediment cores
obtained from the same site at Middle Valley (0 to 20 cm)
(data not shown). Further, X-ray absorption spectroscopy
(XAS) confirmed the presence of oxidized Fe in the sedi-
ments below 6 cm, as illustrated by a shift in the energy of
the inflection point for the X-ray Absorption Near Edge
Structure (XANES) spectra with depth (see Fig. S3). Fitting
of the extended region of the XAS spectra [the Extended
X-Ray Absorption Fine Structure (EXAFS) region] identi-
fied the mixed Fe(II)/Fe(III) phase green rust (as GR2,
sulfate) as the likely Fe(III)-bearing phase (~ 32 mole %)
within these sediments (6–9 cm). Green rust is a reactive
transient Fe oxide phase, commonly linked to the redox
cycling of lepidocrocite, a mineral phase that has previ-
ously been observed in Middle Valley sediments (Goodfel-
low and Blaise, 1988; Ames et al., 1993). Green rust may
form as a product of microbial reduction of lepidocrocite
(O’Laughlin et al., 2007) or as an intermediate during Fe(II)
oxidation to lepidocrocite.
While a mechanistic characterization of AOM sup-
ported by microbial reduction of lepidocrocite or green
rust-like phases fell beyond the scope of this study, bac-
terial sequences from 90°C in the flow-through incuba-
tions revealed that members of the Verrucomicrobia,
which include putative metal-reducing phylotypes
(Gremion et al., 2003), were abundant in the highest
temperature strata (Fig. 4A). This is also consistent with
previous studies of AOM indicating that Verrucomicrobial
phylotypes were associated with iron- and manganese-
dependent AOM communities in a low temperature envi-
ronment (Beal et al., 2009). In fact, under conditions
typical of Middle Valley sediments (Cruse et al., 2008),
coupling of AOM with reduction of the mixed valent Fe
oxide phase green rust (GR2, sulfate) (see Fig. S3), for
example, would yield a Gibbs free energy of -203 kJ per
mole CH4. Future studies should aim to discern the
precise role of these phylotypes in AOM dynamics in
hydrothermal sediments.
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The predominance of ANME-1 phylotypes and absence
of other known ANMEs in the flow-through incubations, as
assessed via massively parallel pyrosequencing and
qPCR, suggest that ANME-1a are the primary phylotype
responsible for AOM in Middle Valley sediments (as these
libraries are based upon PCR amplification of 16 ssu
rRNA genes, library abundance coarsely represents a
group’s abundance in the community, but should not be
construed as truly quantitative). The presence, and even
increased abundance with respect to total microbial
biomass, of ANME-1a at elevated temperatures (Fig. 3)
highlights their importance in hydrothermal sediment
methane cycling. Intriguingly, phylogenetic analyses of
the archaeal community at 43°C revealed ANME-1
sequences that cluster as a unique subgroup (named
ANME-1c herein; Fig. S2) which appear to be more
closely related to other ANME-1 than to recently detected
high-temperature ANME sequences found in Guaymas
Basin (e.g. ‘ANME-1Guaymas’; Biddle et al., 2011).
Based on cursory phylogenetic analyses of the ANME-1
Guaymas sequences, it is unlikely that they are highly
similar to the ANME-1c group described herein. Further
studies, however, should aim to determine if these
ANME-1c ribotypes are unique to Middle Valley and
further explore the relationship among the high-
temperature ANME phylotypes.
Much of the previous biological and geochemical evi-
dence for AOM at high temperature has revealed activity
of ANMEs in the hydrothermal vent sediments of the
Guaymas Basin (> 30°C). The Guaymas Basin is charac-
terized by high amounts of organic matter (e.g. 2–4%) and
is in many ways more similar to hydrocarbon cold seeps
than organic-poor hydrothermal vents found along the
global mid ocean ridge system. Indeed, the differences in
SR rates from our study (which are low) compared with
the higher SR rates of Guaymas Basin sediments (Jor-
gensen et al., 1992) highlight the geochemical and micro-
biological distinctions between mid-ocean ridge vents
(e.g. the East Pacific Rise, Mid-Atlantic Ridge and Juan
de Fuca Ridge) and sedimented hydrothermal ridge
systems (e.g. Guaymas Basin, the Red Sea and the Sea
of Japan). Nonetheless, the observed high AOM rates in
the absence of SR from this study demonstrate the poten-
tial for low organic carbon, high-temperature environ-
ments to support thermophilic AOM coupled to electron
acceptors other than sulfate.
Our isotope mass balance reveals for the first time that
AOM contributes substantially to the DIC flux from metal-
liferous, hydrothermal sediments. Depending on the value
of eAOM the contribution of AOM relative to OC oxidation is
variable (Fig. 2): lower values of eAOM (4‰) yield higher
proportions of DIC production by AOM, while higher
values of eAOM (17‰) give lower estimates of the contri-
bution by AOM to DIC flux [values chosen here reflect a
range of AOM observed in sedimentary environments
(Alperin and Hoehler, 2009)]. We determined that AOM
could readily account for 16% to 86% of DIC production,
and in some cases up to ~ 100% of DIC production (e.g.
Core 1). In comparison, DIC production by OC oxidation
(5.9 to 132.9 nmol cc-1 day-1) represented on average
~ 16%, ~ 82%, ~ 36% and ~ 74% of DIC production in
Cores 1 through 4, respectively (Table 1). While all four
cores were similar in total organic carbon (Table S1), Core
2 exhibited substantially higher organic carbon oxidation
rates (up to 138.3 nmol cc-1 day-1; Table 2, Fig. 2). Among
all four cores at all depths, the %OC and d13C values
of the sediment organic carbon pool were also remarkably
homogenous (%OC = 0.50 to 0.34 and d13C = -29‰ !
0.4; Table S1). Therefore, the endogenous carbon in Core
2 was most likely more labile, which would not necessarily
be apparent in quantification of total organic carbon.
Despite apparently high variability in the OC oxidation
rates, the relative contribution to DIC production by AOM
was of similar magnitude and may even account for the
majority of DIC production in some diffuse flow sediments
of Middle Valley. These findings emphasize the impor-
tance of AOM in carbon cycling in hydrothermal vent
sediments and underscore the need for similar character-
ization within other environments.
Both sediment temperature and organic matter content
are major factors that control AOM-derived DIC produc-
tion relative to organic matter oxidation. For example,
Cruse and Seewald (2006) showed that d13C values of
DIC in hydrothermal fluids from Middle Valley were low
relative to seawater (d13C = -27.8‰ to -20.7‰), suggest-
ing a pronounced input of low d13CDIC, although the con-
tribution of AOM to the d13CDIC in this hydrothermal system
was concluded to be only modest. In contrast to our
results, Cruse and Seewald (2006) focused on higher
temperature fluids (186–281°C) and the observed d13CDIC
likely reflects the abiotic hydrothermal alteration of
organic matter with no abiotic methane oxidation since
methane is stable at elevated temperatures. In cooler
regimes, such as low-velocity ‘diffuse’ flows with more
prevalent microbial activity, fluid d13CDIC will likely reflect
an increased contribution of biological DIC production
(including both AOM and heterotrophy). Both the lower in
situ sediment temperatures and flow velocities typical of
low-velocity diffuse flows (as in the cores collected for this
study) are more conducive to higher biological activity and
their associated influence on DIC flux. In addition to tem-
perature regime, sediment organic matter content in these
Middle Valley sediments – similar to open ocean sedi-
ments in regions of modest productivity at ~ 0.4% total
organic carbon (Emerson and Hedges, 1988) – will also
play an important role in the relative importance of
AOM to DIC production. As previously mentioned, the
hydrothermally-hosted organic-rich sediments of the
Anaerobic methane oxidation in hydrothermal vents 9
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Guaymas basin exhibit high potential AOM rates up to
1.2 mmol gdw-1 day-1 (Holler et al., 2011) and contain an
unusually high sediment organic carbon content at ~ 2.5%
(Seewald et al., 1994). Such differences in sediment
organic content undoubtedly contribute to the relative
importance of AOM to DIC flux and are indicative of the
distinctions in microbial community composition and activ-
ity in addition to the relationships among AOM, OC oxi-
dation and SR in hydrothermally influenced sediments. In
light of the role that diffuse flows play in governing
geochemical flux from vents and potentially contributing to
more than half of total geochemical flux from hydrother-
mal systems (Proskurowski et al., 2008; Wankel et al.,
2011), AOM could exert an important influence on the
diffuse flux of both methane and DIC from hydrothermal
systems.
Conclusions
These collective results underscore the importance of
AOM in hydrothermal methane cycling by demonstrating
substantial AOM rates at temperatures up to at least
90°C and by highlighting the relative importance of AOM
in DIC production from sediments of modest organic
carbon content. Furthermore, these data reveal a distinct
decoupling of AOM from SR at high temperature and
suggest that AOM may be coupled to the reduction of
other mixed valent Fe oxides, such as green rust, at the
temperatures and conditions examined herein. Expand-
ing the extent of the previously unknown ANME-1c phy-
lotype is of great interest as this group may be
specifically adapted to organic-poor hydrothermal
systems and may play a more primary role in mediating
AOM coupled to the reduction of other electron accep-
tors in these types of environments. In concert, these
results extend our understanding of the nature of high
temperature methane biogeochemistry and suggest that
AOM may play a central role in regulating biological DIC
fluxes to the deep ocean from the organic-poor, metal-
liferous sediments of the global mid-ocean ridge hydro-
thermal vent system.
Experimental procedures
Sediment collection
Pushcores (20–30 cm sediment height, 6.35 cm ID, 0.32 cm
sleeve thickness, made of polyvinylchloride which is highly
resistant to oxygen permeation) of unconsolidated sediment
were collected during an expedition with the DSV Alvin and
R/V Atlantis in July 2007 from the Chowder Hill hydrother-
mal vent field in Middle Valley (48°27.25N, 128°42W) at
2428 m depth. Sampling sites were chosen based on the
observation of ‘shimmering water’ (e.g. the ‘schlieren’ effect)
that results from mixing of fluids with different densities, in
situ temperature measurements made with DSV Alvin, and
presence of microbial mat atop the sediments. Pushcores
were collected from areas where sediments exhibited tem-
peratures between ~ 2°C and 35°C in the upper 5 cm, and
between 75°C and 150°C at 10 cm sediment depth. Upon
retrieval, cores were sealed on board ship and refrigerated
for transport to the laboratory. To prevent disruption of
sediment structure and the associated microbial com-
munities prior to incubation on the continuous-flow bioreac-
tors, no samples were collected initially from the intact
sediment cores. Upon return to the lab, the overlying
water in the sediment cores was replaced weekly with
fresh, filter-sterilized seawater prior to the initiation of the
experiments.
Thermal gradient, continuous flow bioreactor setup
Four intact sediment cores were loaded onto the experimen-
tal incubation manifold and irrigated with simulated vent efflu-
ent beginning in December 2007 (Fig. 1). Our simulated
hydrothermal vent fluid was generated by continuous equili-
bration of 0.2 mm filter-sterilized seawater (~ 28 mM SO4-2)
with a continuous flow of H2S and CH4 gas to achieve dis-
solved concentrations of 0.97 mM and 2.8 mM respectively.
The provision of sulfide ensured that the sediments remained
at reducing conditions and that any trace contaminant oxygen
was rapidly removed. The simulated vent effluent entered the
reactor system through a gastight fitting at the core base
using a high precision peristaltic pump. Flow rates were
maintained at 28 ml day-1 generating a linear flow velocity of
~ 0.9 cm day-1 upward through the sediments. All cores were
maintained in a thermal gradient through the use of silicone
heating pads wrapped around the lower 8 cm of the core
(Fig. 1), which provided a stable temperature gradient
ranging from 90°C at the bottom to ~ 22°C near the top of
each core sleeve, similar to gradients observed in situ. Prior
to collection of the samples analysed herein, the flow-through
core system in operation was for ~ 200 days (approximately
eight turnovers of the pore fluid volume within the cores) to
ensure steady-state conditions were achieved. After this incu-
bation period, sediment temperature was determined by drill-
ing into the side of each core, and inserting a digital
temperature probe (ThermoFisher). Next, fluids and sedi-
ments were collected and analysed as described below for
analyses.
Geochemical and isotopic measurements
The geochemical and isotopic composition of inflow and
outflow fluids was monitored daily in the flow-through incu-
bations. DIC was measured from 1 ml of fluid injected
anaerobically into pre-flushed 12 ml exetainers containing
1 ml of H3PO4 to evolve DIC as CO2 for analysis via an
isotope ratio mass spectrometer (IRMS). DIC concentrations
were quantified based on integrated IRMS peak areas and
periodic analysis of a calibrated NaHCO3 standard. Analyses
of DIC and methane concentration and stable isotopic
composition (reported using d notation: d13CDIC (‰ vs.
VPDB) = [(13RDIC/13RVPDB) - 1]*1000, where 13R = 13C/12C)
were analysed using a GasBench coupled to a Delta Plus
10 S. D. Wankel et al.
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IRMS (ThermoFinnigan) at Harvard University (with inline
oxidation of CH4 to CO2 prior to analysis), with a precision of
0.2‰ and ! 0.1 mM for d13CDIC and total DIC concentration
respectively, and 0.5‰ and ! 7% for dissolved CH4 concen-
tration respectively. After oven drying (50°C) and acidifica-
tion, total bulk sediment organic carbon (OC) content and
d13COC was measured using a Carlo Erba 1500 elemental
analyser coupled to a Delta Plus IRMS (with a precision of
0.2‰ for d13C and 0.2% for %C). Methane concentration and
stable carbon isotopic composition (d13CCH4) were measured
daily from 4 ml of fluid anaerobically injected into a pre-
flushed 12 ml exetainer and analysed at the UC Davis Stable
Isotope Facility using a GasBench and Delta Plus IRMS. After
equilibration at room temperature, headspace gas was
flushed through a sampling loop, allowing for a fixed volume
(100 ml) of gas to be routed through an oxidation furnace in
which CH4 was quantitatively converted to CO2 prior to IRMS
analysis. Integrated IRMS peak areas varied based on the
headspace CH4 content, which was related directly to dis-
solved CH4 concentration using Henry’s Law. Based on
periodic analyses of methane standards with known concen-
tration and isotopic composition, d13CCH4 reproducibility was
! 0.5‰.
DNA extractions and molecular microbiological analyses
At the conclusion of the flow-through incubations, sediments
were extruded and sectioned at 2 cm intervals from all cores.
Total genomic DNA was extracted with the Powersoil DNA
extraction kit (MoBio, San Diego, CA) modified to improve
yields and eliminate potential metalliferous inhibitors of PCR
downstream (see Supporting information; Webster et al.,
2003). DNA recovered from Core 2 was used as template for
massively parallel 454 sequencing (Roche Life Sciences).
The resulting sequences were cleaned, aligned and subject
to phylogenetic analyses. Sequences resulting from
these analyses have been submitted to National Center for
Biotechnology Information’s GenBank (accession numbers
JN907017 – JN934261). DNA recovered from all sediment
horizons were used as template for quantification of
ANME-1a and ANME-2 ribotypes. Sediment subsamples
were also preserved for fluorescent in situ hybridization as
well as cell counts. Briefly, cell counts were obtained by
filtering, staining with SYBRI and counting at 100X with a
gridded ocular (see Supporting information; D’Hondt et al.,
2004).
Radiotracer rate measurements of batch incubations
In parallel to the flow-through core incubations, sediment
cores collected from the same sites were sectioned at 4 cm
intervals, homogenized, and incubated in crimp sealed vials
with the same simulated hydrothermal vent water used in the
flow-through bioreactor in December 2007. Triplicate sedi-
ment samples from four depth horizons (0–4, 4–8, 8–12 and
12–18 cm) were incubated at three different temperatures
(20°C, 55°C and 90°C) for 72 h prior to addition of radiotracer
to quantify AOM and SR rates (see Supporting information;
Canfield et al., 1986; Onstad et al., 2000; Joye et al., 2004;
Orcutt et al., 2005).
DIC stable isotope mass balance
A simple steady-state isotope mass balance model allowed
for partitioning of the proportion of DIC production attribut-
able to the anaerobic oxidation of either methane (AOM) or
sediment organic carbon (OC). The model is based on the
following assumptions: (i) all processes are operating at
‘steady state,’ such that mass balance is satisfied; (ii) AOM
(independent of the oxidant) results in the stoichiometric
conversion of CH4(aq) into HCO3-; (iii) the carbon isotope
fractionation factor for AOM (eAOM) ranges between 4‰ to
17‰ [based on studies of AOM in sediments (Alperin and
Hoehler, 2009)]; (iv) the carbon isotopic composition of the
indigenous sediment organic carbon does not change sub-
stantially over the course of the experiment; (v) the isotopic
composition and concentrations of the influent DIC and CH4
are known and do not change and (vi) the size of the sedi-
ment biomass pool does not change substantially. Based on
these conditions, the DIC flux from the effluent (Fout) is
equal to the input flux (Fin; i.e. background seawater DIC)
plus the contribution to DIC flux from the anaerobic oxida-
tion of sediment organic carbon (OC) and/or methane
(AOM):
F Fout in AOM OC= + + (1)
An isotope mass balance for d13CDIC was constructed similarly
according to the following equation:
F Fout 13 out in 13 in 13 CH4 AOM
13
org
C C AOM C
OC C
∗ = ∗ + ∗ − +
∗
δ δ δ ε
δ
( ) [ ( )]
( ) (2)
where eAOM is the isotopic fractionation of CH4 during oxida-
tion by AOM (4–17‰ (Alperin and Hoehler, 2009), d13Cin is the
isotopic composition of the influent seawater DIC (+3.4‰)
and d13Corg is the average measured d13C of sediment organic
matter (equal here to -29.0 ! 0.4‰). No fractionation was
assumed to occur during the anaerobic oxidation of native
organic matter. By combining equations 1 and 2, the fluxes of
DIC produced by either AOM or OC were calculated and
expressed per volume of sediment (Table 1). The range of
eAOM values (4–17‰) selected for AOM rate calculations from
previous studies excludes recent higher estimates of eAOM for
ANME-2 and ANME-3 (Holler et al., 2009) because our quan-
titative phylogenetic analysis suggested ANME-1a is the
dominant AOM-mediating group. Consequently, use of a
range of eAOM values in our model yields a range of the
estimated proportion of AOM (and OC) to the DIC flux. Cal-
culated rates of AOM ranged from 20.8 to 51.2 nmol cc-1
day-1 (at eAOM = 4‰) and 11.1 to 35.1 nmol cc-1 day-1 (at
eAOM = 17‰).
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Supporting information
Additional Supporting Information may be found in the online
version of this article:
Fig. S1. Fluorescent in situ hybridization (FISH) images of
ANME-1 archaea and Desulfosarcina-Desulfococcus sulfate
reducing bacteria from three different sediment temperatures
(20°C, 55°C and 90°C). Probe specificity and hybridization
conditions are described in Girguis and colleagues (2005)
and the supporting information.
Fig. S2. Maximum-likelihood phylogenetic tree illustrat-
ing the relationships of 16 ssu rRNA ANME-1 sequences
recovered from Middle Valley sediments to archaeal
sequences from NCBI non-redundant database. Phyloge-
netic tree was generated with FastTree 2.0.0 (Price
et al., 2010) using minimum-evolution subtree-pruning-
regrafting and maximum-likelihood nearest-neighbour inter-
changes. Local support values shown are based on the
Shimodaira-Hasegawa (SH) test. The tree was rooted to
Pyrodictium occultum (M21087). Scale = 0.09 substitutions
per site.
Fig. S3. Fe K-edge XANES (left) and EXAFS (right)
spectra for Middle Valley sediments. As revealed by a shift
in the inflection point of the absorption edge to higher ener-
gies, XANES spectra reveal a dominance of Fe(II) in the
upper sediments (0–3 cm) and mixed Fe(II)/Fe(III) in deeper
sediments (below 6 cm). Spectra for the depths 0–3 and
3–6 cm, 6–9 and 9–12 cm, and 12–15 and 15–20 cm were
nearly identical – one representative spectrum is shown
for each interval. Standard spectra for iron sulfide (FeS)
and lepidocrocite (g-FeOOH) are included to illustrate the
binding energies for Fe(II) and Fe(III) respectively. The Fe
EXAFS spectra of sediments collected at 6–9 cm (black
solid line) can be fit with a linear combination of standard
spectra composed of green rust sulfate (32 mole %), sid-
erite (24 mole %), and various Fe sulfides, including pyr-
rhotite, pyrite and mackinawite (44 mole %) (c2red = 1.9;
R-factor = 0.06).
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Table S1. Total cell densities in sediments incubated on the
thermal gradient, continuous flow bioreactor (cells ml sedi-
ment-1). Cells counts were obtained by filtering sediment cell
suspensions, staining with SYBR I and counting at 100X on
an epifluorescent scope with a gridded ocular.
Please note: Wiley-Blackwell are not responsible for the
content or functionality of any supporting materials supplied
by the authors. Any queries (other than missing material)
should be directed to the corresponding author for the
article.
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Short-chain alkanes play a substantial role in carbon and sulfur cycling at hydrocarbon-
rich environments globally, yet few studies have examined the metabolism of ethane
(C2), propane (C3), and butane (C4) in anoxic sediments in contrast to methane (C1).
In hydrothermal vent systems, short-chain alkanes are formed over relatively short
geological time scales via thermogenic processes and often exist at high concentrations.
The sediment-covered hydrothermal vent systems at Middle Valley (MV, Juan de Fuca
Ridge) are an ideal site for investigating the anaerobic oxidation of C1–C4 alkanes, given
the elevated temperatures and dissolved hydrocarbon species characteristic of these
metalliferous sediments. We examined whether MV microbial communities oxidized
C1–C4 alkanes under mesophilic to thermophilic sulfate-reducing conditions. Here we
present data from discrete temperature (25, 55, and 75◦C) anaerobic batch reactor
incubations of MV sediments supplemented with individual alkanes. Co-registered alkane
consumption and sulfate reduction (SR) measurements provide clear evidence for C1–C4
alkane oxidation linked to SR over time and across temperatures. In these anaerobic batch
reactor sediments, 16S ribosomal RNA pyrosequencing revealed that Deltaproteobacteria,
particularly a novel sulfate-reducing lineage, were the likely phylotypes mediating the
oxidation of C2–C4 alkanes. MaximumC1–C4 alkane oxidation rates occurred at 55◦C,which
reflects the mid-core sediment temperature profile and corroborates previous studies of
rate maxima for the anaerobic oxidation of methane (AOM). Of the alkanes investigated,
C3 was oxidized at the highest rate over time, then C4, C2, and C1, respectively. The
implications of these results are discussed with respect to the potential competition
between the anaerobic oxidation of C2–C4alkanes with AOM for available oxidants and
the influence on the fate of C1 derived from these hydrothermal systems.
Keywords: hydrothermal vent, metalliferous sediments, Juan de Fuca Ridge, short-chain alkanes, sulfate reduction
INTRODUCTION
Hydrocarbongases, includingmethane (C1), ethane (C2), propane
(C3), and n-butane (C4), are produced via thermogenic and
biogenic processes in the deep subsurface and are substantial com-
ponents of the organic carbon pool across marine and terrestrial
ecosystems (Joye et al., 2004; Milkov, 2005; Cruse and Seewald,
2006; Hinrichs et al., 2006; Savage et al., 2010). Over the past
decade, studies focused on the anaerobic oxidation of methane
(AOM) revealed the functional potential, ecological physiology,
and diversity of microorganisms mediating this process and the
global distribution of AOM as an effective benthic filter that
reduces methane emissions into the oceans and atmosphere (for
reviews, see Conrad, 2009; Knittel and Boetius, 2009; Valentine,
2011). In contrast, the anaerobic oxidation of long-chain alkanes
(>C6) and aromatics has also been studied extensively resulting
in the isolation of several bacteria, such as sulfate-reducing bacte-
ria (SRB) that oxidize crude oil anaerobically (Van Hamme et al.,
2003). There is a gap in our understanding of the metabolism
and fate of non-methane, short-chain (C2–C4) alkanes in deep sea
sediments. Furthermore, there is growing interest in determin-
ing the extent to which microorganisms mediate the anaerobic
oxidation of C2–C4 alkanes, as many studies have indicated that
the degradation of these aliphatic hydrocarbons may be linked to
global biogeochemical cycles (Lorenson et al., 2002; Formolo et al.,
2004; Sassen et al., 2004; Milkov, 2005; Bowles et al., 2011; Quistad
and Valentine, 2011).
Recently, SRB from hydrocarbon seep sediments of the Gulf of
Mexico andGuaymas Basin – both of which are environments rich
in short-chain alkanes – were documented to oxidize short-chain
alkanes to CO2 anaerobically (Kniemeyer et al., 2007). Different
temperature regimens (12, 28, and 60◦C) along withmultiple sub-
strates were tested and a pure culture (deemed BuS5) was isolated
frommesophilic enrichments with C3 or C4 as the sole exogenous
carbon source. Through comparative sequence analysis, strain
BuS5 was determined to cluster with the metabolically diverse
Desulfosarcina/Desulfococcus (DSS) cluster,which also contains the
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SRB found in consortia with anaerobic methanotrophs (ANME)
in seep sediments. Enrichments from a terrestrial, low tempera-
ture sulfidic hydrocarbon seep corroborated the biodegradation
mechanism of complete C3 oxidation to CO2 with most bac-
terial phylotypes surveyed belonging to the Deltaproteobacteria,
particularly within the family Desulfobacteraceae (Savage et al.,
2010). Cold adapted C3 and C4, sulfate-reducing cultures have
also been obtained from Gulf of Mexico and Hydrate Ridge sed-
iments with maximum rates of SR between 16 and 20◦C and
dominant phylotypes allied to the DSS cluster including BuS5
(Jaekel et al., 2012). In the study by Kniemeyer et al. (2007) C4
alkane degradation linked to sulfate reduction (SR) was not quan-
tified at thermophilic temperatures, butaGuaymas Basin sediment
enrichment with C3 at 60◦Cwas dominated by Gram positive bac-
teria most closely allied to the Desulfotomaculum. Moreover, there
was no evidence for C2degradation in mesophilic (28◦C) or ther-
mophilic (60◦C) enrichments or C2-linked SR (albeit, there was
very slowC2-dependent SR inGulf of Mexico enrichments at 12◦C
after>200 days).
The Middle Valley (MV) hydrothermal vent field – located on
the northern Juan de Fuca Ridge – is an ideal environment for
investigating mesophilic to thermophilic anaerobic oxidation of
C2–C4 alkanes, given the elevated temperatures and dissolved
hydrocarbon species characteristic of these sediments (Goodfel-
low and Blaise, 1988; Davis and Fisher, 1994; Cruse and Seewald,
2006). Deep sea hydrothermal vents are complex and dynamic
habitats characterized by steep thermal and chemical gradients,
a diverse array of carbon and energy sources, and high con-
centrations of dissolved volatiles (Butterfield et al., 1990, 1994;
Von Damm et al., 1995). In the MV system, hydrothermal vent
fluids interact with overlying sediments and the thermal alter-
ation of sedimentary organic matter results in the production
and/or release of a number of carbon sources, including short-
chain alkanes (Cruse and Seewald, 2006; Cruse et al., 2008; Cruse
and Seewald, 2010). These hydrothermally influenced sediments
also contain high concentrations of reduced compounds, such
as H2 and hydrogen sulfide (H2S; Ames et al., 1993; Rushdl and
Simonelt, 2002), and metals and metal sulfides at various reduced
andoxidized states (Goodfellow andBlaise, 1988;Ames et al., 1993;
Wankel et al., 2012). In contrast to the extremely organic-rich
sediments of other sedimented hydrothermal systems, e.g., the
Guaymas Basin hydrothermal vent fields in the Gulf of California
(% OC = 2–4), MV represents a system that is more typical of
mid-ocean ridge hydrothermal vents worldwide (% OC = 0.3–
0.5; Wankel et al., 2012). Such environments could support the
coupling of C1–C4 alkane degradation to SR in addition to alter-
native electron acceptors, such as metal oxides, particularly when
the organic carbon load and associated SR rates are low (Wankel
et al., 2012).
We studied the anaerobic oxidation of C1–C4 alkanes in
metalliferous, organic-poor MV hydrothermal sediments across
environmentally relevant temperature gradients. This biogeo-
chemical investigation aimed to determine: (i) the temperature
range over which hydrothermal sediment communities oxidize
C1–C4 alkanes, (ii) the degree to which the anaerobic oxidation of
these alkanes is coupled to SR, and (iii) the putativemicrobial phy-
lotypes mediating C1–C4 alkane oxidation. To address these aims,
a series of incubations were conducted using slurries of sediments
collected from the MV system. These anaerobic batch reactors
enabled the quantification and direct comparison of C1–C4 alkane
oxidation and SR rates in a closed system across a broad range of
discrete temperatures (25, 55, and 75◦C). Archaeal and bacterial
community dynamics were investigated via pyrotaq sequencing in
select batch reactor sediments that exhibited the greatest alkane
oxidation activity over the incubation time course. The over-
all objective of this study was to advance our understanding of
the nature and extent of the anaerobic oxidation of short-chain
alkanes in hydrothermal systems and to ascertain the potential
influence of these processes on other biogeochemical cycles. The
data presented herein shed light on the relative contribution of
the anaerobic oxidation of C2–C4 alkanes at different temper-
ature regimes, the potential influence on AOM and the sulfur
cycle, and the phylotypes most likely allied to the observed
metabolisms.
MATERIALS AND METHODS
STUDY SITE AND SAMPLE COLLECTION
Sediments were collected during an expedition with theDSVAlvin
and R/V Atlantis in July 2010 from the Chowder Hill hydrother-
mal vent field in MV (48◦27.44 N, 128◦42.51W) at 2413 m depth.
Intact sediment cores were recovered with polyvinylchloride core
sleeves (20–30 cm height, 6.35 cm ID, 0.32 cm sleeve thickness).
Sediment sampling sites were selected based on in situ temper-
ature depth profiles collected with DSV Alvin, the presence of
chemoautotrophic microbial mats atop the sediments, and shim-
meringwater from the diffuse flow sediments. At all sites, sediment
temperature profiles were collected using the RTD probe, while
dissolved alkanes and other gases were quantified using an in situ
mass spectrometer (or ISMS; data not shown;Wankel et al., 2011).
Pushcores were collected from areas where sediments tempera-
tures ranged from 5–55◦C in the upper 15 cm and 57–75◦C at
30 cm sediment depth. Upon retrieval, cores were sealed and
refrigerated for transport to the laboratory. Upon return to the
lab, the overlying water in the sediment cores was replaced weekly
with fresh, filter-sterilized anoxic seawater prior to initiation of the
experiments.
ANAEROBIC BATCH REACTORS WITH C1–C4 ALKANES
In an anaerobic chamber (Coy Laboratory Products), 50 ml of
homogenized whole core sediment and 50 ml of sterile, anaerobic
artificial “diffuse vent fluid”were aliquoted into 200ml glass auto-
claved serum vials for each treatment. The artificial vent fluid
was modified from Widdel and Bak (1992) to include 1 mM
Na2S to ensure that sediments remained at reducing conditions,
50 mM Na2SO
2−
4 to reduce the possibility of sulfate limitation,
and the pH adjusted to 6 to mimic the diffuse vent fluids. For each
incubation temperature, the headspace was pressurized to slightly
above 1 atm with the respective alkane (C1–C4) or nitrogen (N2)
gas in duplicate batch reactors to avoid alkane limitation in the
aqueous phase during the incubation time series. The reactors
were incubated at temperatures reflecting the sea water-sediment
interface (25◦C), the mid-depth average temperature (55◦C),
and the highest temperatures measured at the deepest depth
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(75◦C). Flasks were shaken daily to ensure homogeneity in the
slurry.
GEOCHEMICAL MEASUREMENTS
Concentrations of the dissolved C1, C2, C3, and C4 alkanes were
determined after allowing the incubations to reach room temper-
ature and by vigorously shaking samples to transfer gas from the
anaerobic seawater media to the batch reactor headspace. Then, a
0.5 ml sample of the headspace was injected into a gas chromato-
graph equipped with a flame ionization detector (Hewlett Packard
5890 Series II) and a packed column (RestekRt-XL) to quantify all
alkanes. Injections of chemically pure alkanes (Airgas East,>99%
purity) were used to generate standard curves.
Sulfate reduction rates were determined by quantifying changes
in sulfate and sulfide concentrations via ion chromatography and
colorimetric assays, respectively (Cline, 1969; Joye et al., 2004).
After shaking and allowing the sediment to settle, a 1 ml fluid
sub-sample was collected with a syringe from each reactor, filter-
sterilized (0.2 µm) and transferred into a vial, preserved with
10 µl HNO3, and stored at 7◦C until analysis. Concentrations
of sulfate were determined using a Dionex ion chromatography
system (Dionex Corp. Sunnyvale, CA, USA) at the University of
Georgia, and NaBr, a conservation tracer in the batch reactors,
was measured simultaneously. A 1 ml headspace sub-sample was
collected and mixed with an equal volume of 20% zinc acetate
to quantify gaseous H2S. Concentrations of H2S were then deter-
mined colorimetrically as per Cline (1969). The reported values
were corrected for HS−dissolved in the aqueous phase and reflect
both sulfide species in the serum vial headspace and sediment
slurry.
DNA EXTRACTION, MASSIVELY PARALLEL SEQUENCING, AND
PHYLOGENETIC ANALYSIS
At the conclusion of each incubation, sediments were sub-sampled
in an anaerobic chamber, and ∼15 g of sediment slurry from
each batch reactor was transferred directly into a 15 ml cryovial,
flash frozen in liquid nitrogen and stored at −80◦C until further
molecular analyses. A time zero T0 sub-sample was collected at
the start of the incubations to represent the initial community
after homogenization, but prior to inoculation of the batch reac-
tors. Total genomic DNA was extracted using phenol-chloroform
(Barns et al., 1994; Dojka et al., 1998; Elshahed et al., 2004) modi-
fied to prevent nucleic acid loss and eliminate potential inhibitors
of downstreamPCR (as described inWebster et al. (2003)). Briefly,
0.5 g of sediment per batch reactor was washed with 5% HCl and
then DNA was extracted with addition of 200 µg of poly adenylic
acid (poly A) during the lysis step followed by incubation with
lysozyme and proteinase K, multiple freeze-thaw cycles with 5%
SDS, addition of hot phenol, extraction with phenol-chloroform,
and elution in 50 µl TE buffer (10 mM Tris hydrochloride, 1 mM
EDTA, pH 8.0). The concentration of extracts was determined
using the Quant-iTTM dsDNA high sensitivity Assay (Invitrogen,
Carlsbad, CA, USA).
DNA extracted from the 55◦C incubations, which represented
the highest rates of activity, was subjected to massively parallel
sequencing of the 16S ribosomal RNA (rRNA) gene using the
primer pairs 27F/519R and 340F/806R for the bacterial V1 – V3
and archaeal V3 – V4 regions, respectively (Dowd et al., 2008;
Acosta-Martínez et al., 2010). All pyrosequence data were submit-
ted to the NCBI Sequence Read Archive under accession number
SRA066151. The resulting reads were checked for sequence qual-
ity, trimmed, filtered, and analyzed in the software MOTHUR
(Version 1.28.0; Schloss et al., 2009). Sequences were first filtered
by the presence of sequence ambiguities, long homopolymers,
and quality scores. The PyroNoise algorithm was then imple-
mented in MOTHUR (i.e., shhh.flows) to remove sequences
likely generated by pyrosequencing error (Quince et al., 2009).
After selection of unique sequences, chimeras were identified and
removed using UCHIME (http://www.drive5.com/uchime/). The
resulting archaeal and bacterial reads were then aligned to the
SILVA SEED Bacterial and Archaeal databases, containing 14,956
and 2,297 sequences, respectively.
For sequence classification, bootstrap values were set to nodes
that had >80% support in a bootstrap analysis of 100 repli-
cates, and operational taxonomic units (OTUs) were defined
as sequences sharing 97% nucleotide sequence identity for fur-
ther community analyses. A phylogenetic tree of representative
Deltaproteobacteria (50 unique sequences selected in Mothur, i.e.,
sub.sample) was then generated with FastTree 2.0.0 (Price et al.,
2010) using minimum-evolution subtree-pruning-regrafting and
maximum-likelihood nearest-neighbor interchanges. Local sup-
port values shown are based on the Shimodaira-Hasegawa
(SH) test with 1,000 resamples. Only values >80% are shown
on the branches as black circles. The tree was rooted to the
16S rRNA sequence of Archaeoglobus profundus DSM 5631
(NR_074522).
RESULTS
C1–C4 ALKANE OXIDATION AS A FUNCTION OF TEMPERATURE IN
BATCH REACTORS
Batch reactor incubations were conducted using MV sediment
slurries with one alkane gas (C1, C2, C3, or C4) as the sole exoge-
nous hydrocarbon, and incubated in the laboratory at 25, 55, and
75◦C to reflect the range of temperatures measured in situ. Tem-
perature affected the time required to detect alkane consumption,
the percent of available substrate consumed, and the absolute
rates of the anaerobic oxidation of C1–C4. In batch reactors at
55◦C, alkane consumption, defined as 10% of pool consump-
tion, was evident after 71 days of incubation (Figure 1, top). In
contrast, alkane consumption was detectable in 25◦C batch reac-
tors after 105 days for C1–C4. In 75 ◦C batch reactors, substantial
C2–C4 consumptionwas apparent after 105days; however,C1 con-
sumption was evident after a much shorter time period (30 days)
at 75◦C.
Examining the fraction of available alkane consumed during
the entire experiment (169 days), the greatest total consumption
of C1–C4 occurred in the 55◦C batch reactors (∼93, 75, 93, and
77% of C1, C2, C3, and C4, respectively). In addition, C1 was
nearly depleted in the 75◦C batch reactors by the end of the time
series (with >90% substrate consumed). With the exception of
C1 at 75◦C, less than half of the available short-chain alkane pool
was consumed during the incubation time course in 25 and 75◦C
batch reactors (32, 44, 37, and 46% of C1, C2, C3, and C4 at
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FIGURE 1 |Time course of the anaerobic oxidation of short-chain alkanes
(top), consumption of sulfate (middle), and production of sulfide
(bottom) in anaerobic batch reactors of MiddleValley hydrothermal
sediments incubated with methane (A), ethane (B), propane (C), and
butane (D) at three discrete temperatures (25, 55, and 75◦C). Each time
point represents the average of duplicate reactors with bars indicating the
data range. For sulfate and sulfide measurements, the control in each panel
represents the average sulfate consumption and sulfide production in the
batch reactors with nitrogen for each incubation temperature as described in
the text.
25◦C, respectively, and 35, 31, and 27% of C2, C3, and C4 at 75◦C,
respectively).
Absolute rate measurements of the batch reactor sedi-
ments revealed that maximum C1–C4 oxidation occurred at 55◦C
(∼42, 36, 54, and 23 nmol cm−3day−1 for C1, C2, C3, and C4,
respectively, n= 2; Table 1). Substantially lower rates of the anaer-
obic oxidation of C2–C4were observed in all 25 and 75◦C batch
reactors (∼21, 16, and 8 nmolcm−3day−1 for C2, C3, and C4 at
25◦C, respectively, n= 2, and∼17, 17, and 8 nmolcm−3day−1 for
C2, C3, andC4 at 75◦C, respectively, n= 2). In contrast to the other
short-chain alkanes, maximal rates of AOM were also observed at
75◦C (∼42 nmolcm−3day−1, n= 2), while rates decreased to less
than half of these AOM maxima at 25◦C (14 nmolcm−3day−1,
n= 2).
SULFATE REDUCTION COUPLED TO C1–C4 ALKANE OXIDATION ACROSS
TEMPERATURE REGIMES
In addition to a dependence on short-chain alkane length, temper-
ature constrained SR in the anaerobic batch reactors, influencing
quantified changes in porewater sulfate and total sulfide. Decreases
in sulfate concentration were observed in all batch reactors across
time and temperature regimes, consistent with trends for the
anaerobic oxidation of C1–C4 alkanes. Analogous to alkane
consumption dynamics, sulfate consumption was appreciable
(defined as >10% substrate consumption) after 71 days of incu-
bation in C1–C4 batch reactors at 55◦C (Figure 1, middle). In
contrast, there was a lag of ∼105 days in C2, C3, and C4 batch
reactors prior to substantial sulfate consumption at both the lowest
(25◦C) and highest (75◦C) incubation temperature. Over the span
Table 1 |Volume-specific rate measurements of the anaerobic
oxidation of methane, ethane, propane, and butane and sulfate
reduction in batch reactors incubated at 25, 55, and 75◦C.
Anaerobic oxidation Sulfate reduction
nmol cm–3 day–1 nmol cm–3 day–1
Methane – 25◦C 14.33 ± 2.88 15.01 ± 2.31
Methane – 55◦C 41.45 ± 1.17 55.83 ± 4.91
Methane – 75◦C 42.22 ± 1.91 68.03 ± 5.01
Ethane – 25◦C 21.39 ± 4.77 53.61 ± 6.53
Ethane – 55◦C 36.03 ± 4.46 99.30 ± 8.48
Ethane – 75◦C 17.22 ± 3.59 47.94 ± 3.65
Propane – 25◦C 19.93 ± 2.81 71.96 ± 7.25
Propane – 55◦C 53.66 ± 2.52 238.36 ± 10.77
Propane – 75◦C 17.26 ± 1.26 60.37 ± 6.18
Butane – 25◦C 12.84 ± 2.81 55.27 ± 8.68
Butane – 55◦C 23.07 ± 5.13 113.46 ± 15.37
Butane – 75◦C 8.01 ± 1.13 34.22 ± 2.39
Rates were determined from the consumption of alkanes and sulfate over the
incubation time course. Each point represents the average of duplicate reac-
tors with the standard error. To account for background sulfate reduction (due to
autochthonous carbon, etc.), the rates measured in the alkane treatments have
been corrected via subtraction of those measured in the control (nitrogen) batch
reactors.
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of the incubation time series (169 days), the greatest reduction in
sulfate concentration was at 55◦C (∼30, 45, 92, and 49% of total
sulfate consumed in the C1, C2, C3, and C4 reactors, respectively).
Sulfate consumption was also observed in the N2-control batch
reactors, albeit to a much smaller extent (∼8, 11, and 2% at 25, 55,
and 75◦C, respectively). SR was also assessed by quantifying the
production of gaseous and dissolved sulfide in the batch incuba-
tions (Figure 1, bottom). In all reactors, sulfide concentrations at
the end of each incubation time period accounted for greater than
90% of the initial total sulfate plus sulfide concentration; there-
fore, these mass balance estimates were within 10% of the total
sulfur species observed initially.
Concomitant with the anaerobic oxidation of C2–C4 rates,
maximum SR rates were observed at 55◦C for the non-
methane short-chain alkanes (∼99, 238, and 113 nmolcm−3day−1
for C2, C3, and C4, respectively, n = 2) (Table 1).
However, maximum SR rates associated with AOM occurred
at 75◦C (∼68 nmolcm−3day−1), with lower rates at 55◦C
(∼55 nmolcm−3day−1, n = 2) and even more modest rates at
25◦C (∼15 nmolcm−3day−1, n = 2). In comparison to maxi-
mal SR rates at 55◦C, SR rates linked to C2–C4 oxidation were
lower at both 25 and 75◦C (∼54, 72, and 55 nmolcm−3day−1
for C2, C3, and C4 at 25◦C, respectively, n = 2, and ∼48, 60,
and 34 nmolcm−3day−1 for C2, C3, and C4 at 75◦C, respectively,
n= 2).
The observed ratio (mol/mol) of C1–C4 oxidation to SR in
the batch reactors was then compared to the predicted stoichio-
metric ratio assuming the sulfate-dependent complete oxidation
of C1–C4 alkanes to CO2 (from Kniemeyer et al., 2007). These
ratios are corrected for the consumption of sulfate in the control
(N2) batch reactors as an estimate for SR linked to non-alkane
organic carbon donors present in the sediment. The ratio of mol
alkane consumed per mol sulfate reduced was 1.42, 1.11, and
0.93 mmol of C1 mmol−1 sulfate; 0.59, 0.54, and 0.54 mmol of C2
mmol−1 sulfate; 0.42, 0.34, and 0.43 mmol of C3 mmol−1 sulfate;
and 0.35, 0.31, and 0.35 mmol of C4 mmol−1 sulfate at 25, 55,
and 75◦C, respectively (Table 2). These ratios closely mirror the
predicted stoichiometric ratios of 1, 0.5, 0.4, and 0.3 for C1–C4,
respectively.
PHYLOGENETIC DIVERSITY AND DISTRIBUTION IN SEDIMENTS FROM
BATCH C1–C4 REACTORS
After sequence processing and denoising as previously described, a
total of 5783, 6562, 5307, 6985, and 8796 bacterial sequences were
analyzed from sediments incubated with N2, C1, C2, C3, and C4
alkane, respectively, and 7965 bacterial sequences from the T0 sed-
iment. There were substantial shifts at the phyla level between the
communities incubated with different alkane substrates in com-
parison to the control batch reactor and T0 sediment community
(Figure 2). From the initial sediment community, sequences allied
to the Bacteroidetes and Fusobacteria decreased from∼9 and 40%
of T0 sequences respectively, to less than 0.5% of sequences in
all batch reactor libraries. In turn, sequences allied to the Pro-
teobacteria, Firmicutes, Candidate Division OP8, Chloroflexi, and
Actinobacteria increased in batch reactor libraries compared to T0
sequences. Notably, the Proteobacteria,which comprised∼36% of
T0 sequences, increased in representation in the N2, C1, C2, and
Table 2 |The predicted and calculated stoichiometric ratios for the
anaerobic oxidation of methane, ethane, propane, and butane
coupled to the reduction of sulfate to sulfide.
Stoichiometric Observed Ratio
Ratio (mol/mol) (mol/mol)
Methane – 25◦C 1 1.42
Methane – 55◦C 1 1.11
Methane – 75◦C 1 0.93
Ethane – 25◦C 0.5 0.59
Ethane – 55◦C 0.5 0.54
Ethane – 75◦C 0.5 0.54
Propane – 25◦C 0.4 0.42
Propane – 55◦C 0.4 0.34
Propane – 75◦C 0.4 0.43
Butane – 25◦C 0.31 0.35
Butane – 55◦C 0.31 0.31
Butane – 75◦C 0.31 0.35
From closed system batch reactors, the mol alkane lost was calculated per mol
sulfate reduced at 25, 55, and 75◦C, respectively. To account for background
sulfate reduction (due to autochthonous carbon, etc.), ratios have been corrected
via subtraction of those measured in the control (nitrogen) batch reactors.
C3 sequence libraries (∼49, 58, 41, and 46%, respectively). The
Firmicutes also increased substantially from the T0 composition
(∼4%) in N2, C2, C3, and C4 sequences (∼11, 12, 12, and 59%,
respectively).
Among the Proteobacterial sequences allied to known sulfate-
reducing Deltaproteobacteria, there was a substantial increase
from T0 sequences (∼15%) in the N2, C1, C2, C3, and C4
sequence libraries (∼39, 87, 70, 88, and 86%, respectively).
Concurrently, there was a substantial decrease in the represen-
tation of Epsilonproteobacteria in the N2, C1, C2, C3, and C4
sequence libraries (∼39, 3, 17, 7, and 9%, respectively). Within
the putative sulfate-reducing phylotypes, the C1 library was com-
prised primarily (>92%) of sequences allied to Desulfobulbus, as
shown in a previous study of MV sediment communities asso-
ciated with AOM (Wankel et al., 2012). Analysis of 16S rRNA
gene libraries revealed that a distinct lineage of SRB are the pre-
dominant Deltaproteobacterial phylotypes in the C2–C4 reactor
communities, comprising ∼93, 91, and 95% of C2, C3, and C4
sequences, respectively (Figure 4). The most closely related phy-
lotypes (93–99% nucleotide sequence identity) were previously
recovered in two 16S rRNA-based surveys of sulfate-reducing
anaerobic enrichments of Guaymas Basin sediments with C4 at
60◦C (Butane60-GuB, accession no. EF077228) and with C1 at
37◦C (Guaymas_Bac9 clone, accession no. FR682643; Kniemeyer
et al., 2007; Kellermann et al., 2012).
A total of 1290, 1724, 1540, 1916, 1780, and 2846 Eur-
yarchaeotal sequences were further analyzed from the N2, C1,
C2, C3, and C4 batch reactors and T0 sediments, respectively
(Figure 3). There were notable shifts in the sequences allied to
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FIGURE 2 | Relative abundance (percentage) of bacteria determined from
massively parallel sequencing of DNA recovered from anaerobic batch
reactor sediments incubated with methane, ethane, propane, butane,
and nitrogen at 55◦C and pre-incubation (T0) sediments. Left and right
side panels show the taxonomic breakdown of sequences at the phylum
and class level, respectively. Legend indicates operational taxonomic
units (OTUs), defined as sequences sharing 97% nucleotide sequence
identity.
FIGURE 3 | Relative abundance (percentage) of archaea determined
from massively parallel sequencing of DNA recovered from anaerobic
batch reactor sediments incubated with methane, ethane, propane,
butane, and nitrogen at 55◦C and pre-incubation (T0) sediments.
Left and right side panels show the taxonomic breakdown of sequences at
the class and order level, respectively. Legend indicates operational
taxonomic units (OTUs), defined as sequences sharing 97% nucleotide
sequence identity.
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the predominant Euryarchaeotal phyla – Archaeoglobi,Halobacte-
ria, Methanomicrobia, Thermococci, and Thermoplasmata – from
the initial sediment community and across the different alkane
batch incubations. Over 40% of sequences were allied to the
Halobacteria in T0 sediments, decreasing to comprise <0.5–29%
of batch reactor sequences. In contrast, Archaeoglobi sequences
increased from∼2% of T0 sequences to∼14, 12, 19, 36, and 29%
of N2, C1, C2, C3, and C4 sequences, respectively. Other trends
in Euryarchaeotal community structure included an increase
in Methanomicrobia from 27% of T0 sequences to 40% of C1
sequences.
Within the Methanomicrobia, there were also substantial
changes in sequences allied to knownmethanogens and methane-
oxidizing phylotypes. Methanosarcinales comprised >97% of T0
sequences and ∼19, 36, 84, 75, and 80% of N2, C1, C2, C3,
and C4 sequences, respectively. In contrast, Methanobacteriales
increased from<0.5% of T0 sequences to∼35, 9, and 26% of N2,
C1, and C3 sequences (there was no substantial increase in C2 or
C4 sequences). For the putative methane-oxidizing communities,
over 40 and 12% of C1 and C2 sequences were allied to ANME-1
ribotypes.
DISCUSSION
Themicrobial degradation of short-chain alkanes under oxic con-
ditions and the anaerobic oxidation of methane and other heavier
hydrocarbons have been extensively studied in diverse terrestrial
and marine environments. Despite studies indicating short-chain
alkane degradation in anoxic deep sea sediments (Sassen et al.,
2004; Mastalerz et al., 2009; Quistad and Valentine, 2011) and the
abundance of short-chain alkanes in hydrocarbon-rich ecosystems
(Milkov, 2005; Cruse and Seewald, 2006), relatively little is known
about the biogeochemical importance of these processes or the
diversity of anaerobic short-chain alkane degrading microorgan-
isms in marine hydrothermal sediments. The data here provide a
deeper glimpse into the anaerobic oxidation of C2–C4 in met-
alliferous hydrothermal sediments and reveal that rates of the
anaerobic oxidation of C2–C4 alkanes in hydrothermal vent sed-
iment are heavily influenced by temperature and coupled to SR,
though the rates presented herein are derived from conditions not
likely to be present in situ, and as such care should be taken when
extrapolating these rates to natural processes. In batch reactor
sediments that exhibited the most substantial activity, changes in
the representation of phylotypes in libraries generated via high
throughput sequencing implicate Deltaproteobacteria in C2–C4
alkane degradation, and shifts in microbial community compo-
sition indicate that other members of the community respond
to the presence of short-chain alkanes (though the mechanisms
underlying this response remain unknown).
These data revealed a preferential consumption of C2–C4
at 55◦C, suggesting that the active alkane degraders in these
hydrothermal vent sediments are thermophilic. Furthermore,
these ex situ calculated rates for the anaerobic oxidation of C2–
C4 were in the same range (nmolcm−3day−1) as the recently
reported anaerobic oxidation of C3 in marine hydrocarbon seep
sediments and as AOM rates measured in organic-rich coastal
sediments at the sulfate-methane transition zone (Alperin et al.,
1988; Hoehler et al., 1994; Girguis et al., 2003;Wegener et al., 2008;
Quistad and Valentine, 2011). Based on lag time and total alkane
degraded over time, C3 appeared to be the preferred substrate in
the 55◦C incubations, followed by C1, C4, and C2, respectively.
Similar trends in the biodegradation of short-chain alkanes have
been found in stable isotopic studies of hydrocarbon reservoirs
at temperatures below 60◦C with a preference for C3 followed
byC4 and thenC2 (Borehamet al., 2001;Wenger et al., 2002; Larter
et al., 2005).
Various physicochemical and biotic parameters may impact
the degree of C2–C4 consumption in ex situ studies and in the
natural environment. Notably, the gaseous alkanes were main-
tained at above saturation conditions for the liquid phase of the
batch incubations until the end of the time series to ensure sub-
strate availability (dissolved concentrations of ∼1.42, 1.89, 0.91,
and 1.05 mM for C1, C2, C3, and C4, respectively). Under ele-
vated hydrostatic pressure in the deep sea, hydrothermal vent
fluids at MV reach C1 concentrations of ∼20 mM,while the other
short-chain alkanes are an order of magnitude lower (∼220, 55,
and 6 µM for C2, C3, and C4, respectively; Cruse and Seewald,
2006). Although C1 is most likely more abundant than C3 in MV
hydrothermal sediments, the in situ rates of C3 degradation may
be appreciable due to the inherent reactivity of secondary C-H
bonds (Schink and Friedrich, 1994; Rabus et al., 2001;VanHamme
et al., 2003).
Our results also suggest that, at the highest incubation tem-
peratures, AOM in MV sediments occurs at higher rates than
the anaerobic oxidation of C2–C4 alkanes. In the higher tem-
perature (75◦C) incubations, C1 consumption was evident after
30 days and reached near deplete concentrations (90% substrate
consumed), while there was a much longer lag period until
C2–C4 degradation (105 days) and much less of the substrates
were consumed by the completion of the time series (27–35%;
Figure 1, top). In contrast, a greater proportion of C2 and
C4 (44 and 46%, respectively) were consumed than C1 and C3
(32 and 37%, respectively) in the lower temperature incuba-
tions (25◦C). The increased AOM activity at the higher end of
the temperature range in MV sediments is consistent with our
previous observations of AOM in these metalliferous sediments
(Wankel et al., 2012), and is also consistent with the growth tem-
peratures of archaeal communities (such as ANME phylotypes)
from hydrothermal vents, which indicate that many archaea live at
their maximum growth temperature in situ (Kimura et al., 2013).
Another line of evidence for thermophilic AOMwas also provided
in a recent 16S rRNA based-study identifying a putatively high
temperature-adaptedANME subgroup in both hydrothermal sed-
iments from Guaymas Basin and diffuse vent fluids from Axial
Volcano and the Endeavor Segment of Juan de Fuca Ridge (Merkel
et al., 2013).
Notably, the anaerobic oxidation of C1–C4 was coupled
to SR across temperature gradients in MV sediment batch
reactors. Sulfate loss (∼2–6 mM) was also observed over
the time series in alkane-free control batch reactors (Figure 1,
middle). In comparison to SR linked to the oxidation of short-
chain alkanes, this modest sulfate consumption relates to the
oxidation of endogenous substrates, particularly organic carbon,
by the sediment communities (Gieg et al., 1999). The sedi-
ment organic carbon pool of MV sediments (% OC = ∼0.5
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in this study) is low in comparison to the high amounts of
organicmatter that characterize other deep sea environments with
known short-chain alkane degraders, such as the organic-rich
Guaymas Basin hydrothermal sediments (Jorgensen et al., 1992;
Kniemeyer et al., 2007). The observed SR rates in C1–C4 batch
reactors of MV sediments demonstrate the potential for organic
carbon-poor, high temperature mid-ocean ridge systems to sup-
port the anaerobic oxidation of short-chain alkanes coupled
to SR.
Our results further indicate that short-chain alkane
degradation linked to SR might considerably influence sulfate
cycling at these sedimented hydrothermal vents. In accordance
with the observed stoichiometries, SR coupled to the anaero-
bic oxidation of C2, C3, and C4 proceeded at a faster rate than
AOM at mesophilic and thermophilic temperatures (25 and 55◦C,
respectively). However, the SR rates in anaerobic batch reac-
tors were observed under sulfate-replete conditions, while the
sulfate pool in situ depends on the downward advection of sea-
water and the activity of sulfide-oxidizing microbial communities
(Bowles et al., 2011). Sulfate availability will become limiting at
greater sediment depths from the seawater surface. Therefore,
the C2, C3, and C4-degrading, sulfate-reducing microbial
communities likely compete for available sulfate and might indi-
rectly limit AOM in the temperature range from ∼25–55◦C. As
previously discussed, the anaerobic oxidation of these aliphatic
hydrocarbons coupled to the reduction of sulfate to sulfide yields
greater energy per unit substrate than AOM. Such processes could
constrainmethane release from the deep-sea with a critical impact
on the global carbon cycle and climate. Furthermore, if AOM
activity peaks at greater sediment depths and higher temper-
atures in situ as predicted by rate measurements, then sulfate
will most likely have been depleted in these sediment horizons.
Sulfate limitation may thus result in the coupling of AOM to
alternative electron acceptors (i.e., iron oxides), as indicated in
previous studies of MV high temperature sediment incubations
(Wankel et al., 2012).
Comparison of bacterial communities in batch reactor sedi-
ments with maximum rates of C1–C4 degradation, via massively
parallel pyrosequencing, suggests that members of the sulfate-
reducing Deltaproteobacteria mediate the anaerobic oxidation
of short-chain alkanes in MV hydrothermal vent sediments
(Figure 2). As these sequence data are based on PCR amplification
of 16S rRNA genes and are semi-quantitative, an order of mag-
nitude difference in phyla should represent shifts in community
composition. Within the Proteobacteria, there was a substantial
increase of Deltaproteobacteria in C1–C4 sequences compared to
the initial T0 bacterial composition dominated by Epsilonpro-
teobacteria. Phylogenetic analyses revealed a novel subgroup of
SRB that comprised >90% of these Deltaproteobacteria in C2–C4
batch reactor sequences (Figure 4). This lineage ofDeltaproteobac-
teria is most closely related to C4-degrading SRB from Guaymas
Basin, and therefore, may be a thermophilic short-chain alkane
degrader group (Kniemeyer et al., 2007). Intriguingly, the pre-
dominant phylum in C4 batch reactor sequences is the Firmicutes,
which contains sulfate-reducing members of previous enrich-
ments with C3 and C4 (Kniemeyer et al., 2007; Savage et al., 2010).
However, the majority of Firmicutes sequences were most closely
related (98–99%) tounculturedBacillus clones fromhydrocarbon-
contaminated soils (Wang et al., 2011). The greater proportion of
this uncharacterized Bacillus group in comparison to SRB may
have also affected the lower rates of the anaerobic oxidation of C4
in comparison to C2 or C3 in batch incubations. Future studies
should determine if this putative thermophilic short-chain alkane
degrader group of SRB is widespread in other hydrothermally
influenced environments.
Amongst the batch reactor sediment communities, shifts in
archaeal phylogenetic composition were also revealed via 16S
rRNA pyrosequencing. There was a substantial increase ofMetha-
nomicrobia sequences in C1-incubated sediments compared to the
initial community and C2–C4 batch reactor sediments, with an
order of magnitude enrichment of ANME-1 phylotypes within
the Methanomicrobia (Figure 3). The microbes known to cat-
alyze AOM form three phylogenetically distinct Euryarchaeaota
clusters (ANME-1, ANME-2, and ANME-3) that often appear
to live in consortia with SRB (Hoehler et al., 1994; Boetius et al.,
2000; Orphan et al., 2001). However, ANME-1 phylotypes are
also found as single cells in sediments, and recent studies have
shown that AOM can occur in the absence of SR and that some
ANMEare not directly dependent on SRBactivity (Beal et al., 2009;
Milucka et al., 2012; Wankel et al., 2012). There was also a notable
increase in Archaeoglobus sequences in C1 – C4 batch reactors
from the initial community composition (Figure 3),which contain
hyperthermophilic species known tomediate SR (Shen and Buick,
2004). Based on microbial isolates and enrichments from both
deep sea and terrestrial ecosystems, no evidence to date indicates
that non-methane short-chain alkanes are anaerobically oxidized
by microbial consortia or sulfate-reducing archaea (Kniemeyer
et al., 2007; Savage et al., 2010; Jaekel et al., 2012). The data pre-
sented herein lack the resolution to conclusively address whether
archaeal phylotypes directly mediate or are members of consortia
that perform the anaerobic oxidation of short-chain alkanes other
than AOM.
The collective results presented here shed light on the potential
anaerobic metabolism of short-chain alkanes linked to SR in the
hydrothermal vent sediments of MV, Juan de Fuca Ridge. Sub-
stantial oxidation of C1–C4 occurs up to 75◦C. The coupling of
C2–C4 with SR over the in situ temperature range may impact
AOM and the oxidation of other hydrocarbons, as highlighted by
the preferential degradation of C3 at 55◦C. Such microbial com-
munities may play a substantial role in carbon and sulfur cycling
at hydrothermal systems on a global-scale. Future studies should
expand upon other environmental conditions that may regulate
the anaerobic oxidation of C2–C4 alkanes in hydrothermal sedi-
ments and should further characterize the in situ abundance and
activity of the putative thermophilic alkane-degrader SRB lineage.
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FIGURE 4 | Maximum-likelihood phylogenetic tree illustrating the
relationships of selected 16S rRNA Deltaproteobacterial sequences
recovered from MiddleValley sediments to Deltaproteobacterial
sequences and uncultured environmental phylotypes from NCBI
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propane (Propane55-MV), and butane (Butane55-MV) in bold. The most
closely related environmental phylotypes from Guaymas Basin sediment
sequences have been marked (!). The tree was rooted to Archaeoglobus
profundus DSM 5631(NR_074522). Scale = 0.01 substitutions per site.
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Abstract 
The microbially mediated anaerobic oxidation of methane (AOM) is critical for 
regulating the flux of methane from the ocean and is coupled to sulfate reduction (SR) in 
many anoxic marine environments. Sulfate-dependent AOM is performed by specialized 
groups of anaerobic methane-oxidizing (ANME) archaea, which are thought to form 
consortial relationships with sulfate-reducing bacteria (SRB). Certain ANME and SRB 
groups have been shown to occupy different ecological niches in hydrocarbon-rich deep sea 
sediments. However, the environmental parameters that select for certain phylogenetic 
variants are still unknown. In this study, we generated the largest dataset to date of 16S 
rRNA gene sequences for these uncultivable microorganisms to gain a better understanding 
of the distribution of these methane- and sulfur- cycling ecotypes in biogeochemically 
distinct deep sea sediment ecosystems. Sediment strata were collected from the cold seeps of 
Hydrate Ridge, metalliferous sedimented hydrothermal vents of Juan de Fuca Ridge, and 
organic-rich hydrothermally influenced sediments of Guaymas Basin. In this comparative 
study, we used the Illumina MiSeq sequencing platform to assess archaeal and bacterial 
richness, diversity, and taxonomic composition followed by phylogenetic analyses of ANME 
and SRB phylotypes. Environmental data were used to establish the relationships between 
ANME and SRB phylotype distribution and environmental gradients as well as the extent 
of these functional groups in different hydrocarbon-rich ecosystems. Our results indicate 
that physicochemical constraints, particularly temperature and substrate availability, drive 
the distribution of different ANME and SRB ecotypes and the associated communities in 
spatially separated sites.  
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Introduction 
Dissimilatory sulfate reduction (SR) is a widespread metabolism in the oceans that 
plays a critical role in the biogeochemical cycling of carbon and sulfur on Earth. This form 
of microbial respiration typically involves the transfer of eight electrons to sulfate from 
organic or inorganic electron donors to generate sulfide (Muyzer and Stams, 2008; Widdel 
and Hansen, 1991). Sulfate is often found at relatively high concentrations in marine 
systems (ca. 28 mM) and is a widely used oxidant, second to only oxygen, for the 
remineralization of organic matter (Jørgensen, 1982; Muyzer and Stams, 2008). In coastal 
and shelf ecosystems, SR accounts for up to 50% of total bicarbonate produced from anoxic 
sediments (Canfield et al., 1993; Howarth et al., 2011).  
Hydrocarbon seeps and hydrothermal vents are seafloor hot spots for microbially 
mediated SR. Notably, rates of SR are 10 – 1000 times higher in these sediments than in 
non-seep sediments (Elsgaard, 1994; Joye et al., 2004; Wankel et al., 2012; Weber and 
Jørgensen, 2002). At seeps and vents, methane is the dominant hydrocarbon with only 
minor concentrations of other gaseous short-chain alkanes (Claypool and Kvenvolden, 
1983; Lilley et al., 1993).  The global methane cycle is coupled to sulfate reduction via the 
anaerobic oxidation of methane (AOM) in these anoxic environments, which has been 
extensively studied at cold seeps, hydrothermal vents, and the sulfate-methane transition at 
the seafloor.  
The microbes known to catalyze AOM form three phylogenetically distinct groups 
within the Euryarchaeaota (ANME-1, ANME-2, and ANME-3; sequence similarity of 75 – 
92 % between groups) and often live in concert with SRB (Boetius et al., 2000; Hinrichs et 
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al., 2006; Lloyd et al., 2006; Orphan et al.; 2001). Each phylotype has been shown to 
associate with different SRB partners from the Deltaproteobacteria, specifically with the 
Desulfosarcina/Desulfococcus (DSS) clade, with Desulfobulbus species, and with thermophilic 
SRB lineages (Niemann et al., 2006; Orphan et al., 2002; Pernthaler et al., 2008). However, 
ANME phylotypes are often found as single cells in sediments, and AOM can occur in the 
absence of SR (Milucka et al., 2012; Nauhaus et al., 2005; Wankel et al., 2012). 
In addition to methane, a number of aliphatic and aromatic compounds can also 
fuel a large fraction of SR in many hydrocarbon-rich marine ecosystems. A global 
comparison of rates revealed that SR often occurs in excess of AOM with an average SR: 
AOM ratio of 5.9 for all hydrocarbon seeps surveyed, with maximum SR rates exceeding 
AOM rates by a factor of >1000 (Bowles et al., 2011). Non-methane hydrocarbons have 
been empirically shown to significantly contribute to SR in a diversity of deep sea 
ecosystems, including Hydrate Ridge located offshore of Oregon (Claypool and Knevolden 
1983), Guaymas basin in the Gulf of California (Simoneit et al. 1988, Whelan et al. 1988), 
and Middle Valley hydrothermal vents on the Juan de Fuca Ridge (Adams et al., 2013; 
Cruse and Seewald, 2006). 
As obligate anaerobes, SRB display great metabolic diversity in utilizable electron 
donors for SR, with substrates including hydrogen and various organic compounds (Widdel 
and Hansen, 1991; Rabus et al., 2006). Phylogenetic analyses indicate that SRB from 
hydrocarbon-rich environments are predominately allied to the Deltaproteobacteria with only a 
few isolates from the gram-positive Firmicutes (Magot et al., 2000; Watanabe et al., 2000; 
Dhillon et al., 2003). Over the past two decades, SRB have been isolated from hydrocarbon 
	   52	  
seeps, hydrothermal sediments, methane hydrates, petroleum-contaminated sediments, and 
oil deposits that degrade long-chain alkanes (C6 or greater), alkenes, aromatics, and other 
crude oil hydrocarbons (Aeckersberg et al., 1991; Cravo-Laureau et al., 2004; Higashioka et 
al., 2009; So and Young, 1999; Van Hamme et al., 2003). When sulfate is depleted in 
shallower sediment depths, SRB are also known to ferment organic matter to produce 
carbon dioxide, hydrogen, and acetate (Bryant et al., 1977; Muyzer and Stams, 2008). More 
recently, microbial and geochemical evidence revealed that Deltaproteobacteria couple the 
anaerobic oxidation of short-chain alkanes (ethane, propane, and butane) to SR. Obligate 
propane- and butane-oxidizing SRB were first isolated from mesophilic enrichments of Gulf 
of Mexico and Guaymas Basin sediments, which cluster with the metabolically diverse 
Desulfosarcina / Desulfococcus (DSS) clade (Kniemeyer et al., 2007). Since then, short-chain 
alkane oxidation linked to SR has also been detected in sediments from a terrestrial 
hydrocarbon seep, Hydrate Ridge, and Middle Valley hydrothermal vent field (Adams et 
al., 2013; Jaekel et al., 2012; Savage et al., 2011).  
Strikingly, certain ANME and SRB phylotypes have been shown to occupy different 
ecological niches in hydrothermal vent sediments. Unforeseen, unique clades of ANME and 
SRB were revealed by high throughput sequencing of 16S ribosomal RNA (rRNA) genes in 
hydrothermally influenced sediments at Middle Valley and Guaymas Basin (Adams et al., 
2013; Biddle et al., 2011; Wankel et al., 2012). However, the environmental parameters that 
select for such phylogenetic variants in a wide range of marine systems are still unknown. 
These phylogenetically unique populations may be considered “sub-sets of individuals 
	   53	  
within a species with a characteristic ecology” or “ecotypes” based on niche partitioning in 
the environment (Ward, 1998; Cohan and Perry, 2007). 
Despite the role of ANME and SRB in regulating the biogeochemical cycling of 
methane and other hydrocarbons in the deep sea, the environmental factors that govern the 
diversity of putative ecotypes across biogeographical ranges are largely unconstrained. In 
this study, we interrogated the physical, geochemical, and biological constraints that drive 
the distribution of different ANME and SRB ecotypes over biogeographically separated 
sites, such as substrate availability, thermal gradients, organic-carbon content, microbial 
community diversity, and associated phylotypes. Microbial diversity within these sites was 
determined via amplicon-based 16S rRNA high-throughput sequencing. Physical and 
geochemical measurements as well as phylogenetic analyses allow us to establish the 
relationship between SRB phylotype distribution and the environment as well as the extent 
of these ecotypes in diverse chemosynthetic systems.  
 
Methods 
Environmental sampling 
This study included cold seep and hydrothermal vent sediments from along the Pacific coast 
of North America. Sediments were collected via 30 cm long polycarbonate pushcores from 
a cold methane seep at Hydrate Ridge (44°34'10. 20"N, 125° 8'48. 48"W) at 777 m water 
depth with the ROV Ropos (Dive 1458); hydrothermal vents at Guaymas Basin, Gulf of 
California (27°0'27.84"N, 111°24'27.84"W) at 2000 m with the DSV Alvin (Dive 4486); and 
hydrothermal vents at Middle Valley, Juna de Fuca Ridge (48°27'26.40"N, 
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128°42'30.60"W) at 2413 m with the DSV Alvin (Dive 4625). For this study, a total of three 
pushcores were collected from Hydrate Ridge at 4°C, one from Guaymas Basin at 30-35°C, 
and one from Middle Valley at 5–57°C. All cores from Guaymas Basin and Middle Valley 
were subsectioned (2 cm and 2.5 cm strata, respectively) shipboard from the surface layer 
resulting in 3, 6, and 7 strata per core, respectively, and flash frozen for molecular analyses. 
For this study, Hydrate Ridge samples are comprised of a sample integrated from the 
surface to 8 cm below the seafloor.  
Geochemical analyses were performed on sediment subsamples collected at the 
same time as sediments used for molecular analyses. A standard gas chromatography with 
flame ionization detection was used to quantify methane in the headspace of sediment 
subsamples collected in serum bottles with 0.1 M sodium hydroxide. For Middle Valley 
samples, methane concentrations were analyzed using an in situ mass spectrometry (ISMS) 
instrument as previously described (Wankel et al., 2010). Sediment porewater was obtained 
for other analyses by centrifuging 50 ml sediment subsamples, removing the supernatants, 
and filtering through 0.2 mm syringe filters. For sulfate measurements, a 1 ml subsample 
was acidified with 50% HCl and analyzed using the Dionex Ion Chromotography system 
with AGB cation exchange columns (Dionex) to remove other chloride ions (Martens et al, 
1999). Porewater subsamples (1 ml) were also collected in syringes with 0.1 M zinc acetate 
to preserve sulfate and then analyzed spectrophotometrically (Cline, 1969).  
 
DNA extraction and sequencing   
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Total genomic DNA was extracted using a phenol-chloroform protocol modified to prevent 
nucleic acid loss and eliminate potential inhibitors of downstream PCR, and which has been 
very successful in studies of low biomass sediments (Adams et al. 2013). PCR amplification 
was performed with primers designed to be universal to both Archaea and Bacteria 
(515F/806R) (Caporaso et al., 2012), containing attached Illumina adaptors and barcodes 
(Kozich et al., 2013). All DNA extracts were amplified in duplicate with 
OmniTaq (Taq mutant) polymerase according to the manufacturer’s instructions (DNA 
Polymerase Technologies, St. Louis, MO, USA), with a final concentration of 0.2 µM for 
each primer. For each PCR, 1 µL template DNA was added to the final reaction mixture 
for a final volume of 50 µl. Amplification conditions were as follows: 94°C for 3 min to 
denature DNA; 30 cycles at 94°C for 45 s, 50°C for 60 s, and 72°C for 60 s; and a final 
extension of 10 min at 72 °C. PCR products were pooled prior to visualization on 1.2% 
agarose gels stained with GelRed nucleic acid gel stain (Biotium, Hayward, CA, USA), and 
the appropriate band was purified with the QIAquick Gel Extraction Kit (QIAGEN). The 
resulting DNA concentrations ranged from 10 - 100 ng µl-1, measured with a Qubit 
fluorometer (Life Technologies, Grand Island, NY, USA). All amplicons were pooled in 
equimolar ratios for sequencing on the Illumina Miseq platform at the Georgia Institute of 
Technology (Atlanta, GA) with the Illumina MiSeq Reagent Kit v3. 
 
Sequence processing and taxonomic classification 
Raw sequences were first demultiplexed and quality filtered using the QIIME V. 1.8.0 
pipeline (Caporaso et al., 2010a). Sequences of poor quality were filtered based on quality 
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scores (< 25), the presence of homopolymers (> 6 nt), and length (< 250 nt).  After quality 
filtering, the sequencing depth was rarified to the least robust sample (4000 nt) for even sub-
sampling and maximum rarefaction depth to avoid biases in all downstream analyses 
(Lundin et al., 2012). Sequences were clustered into operational taxonomic units (OTUs) 
using the open reference protocol in QIIME (pick_open_reference_otus.py) and the 
UCLUST algorithm (Edgar, 2010). Singletons were then removed, and OTUs were 
compared at the 97% nucleotide sequence identity for further analyses. The resulting 
sequences were then aligned to release 111 of the Silva reference database (Pruesse et al., 
2006) using PyNAST (Caporaso et al., 2010b), and a phylogenetic tree was built for 
downstream analyses. Each OTU was taxonomically classified based on alignment to the 
111 Silva database using the pick_rep_set.py and assign_taxonomy.py scripts in QIIME 
(Bokulich et al., 2013).  
 
Comparative analyses 
Descriptive and comparative metrics were calculated for all Illumina sequence data using 
QIIME 1.8.0. The estimated coverage of libraries was calculated from the Good’s coverage, 
followed by statistical analyses of species richness (Chao1 values) and diversity (Shannon’s 
index) for each sequenced sample. Diversity measurements were calculated using sample by 
OTU abundance observation tables (OTU tables) and a randomly selected subset of 3500 
sequences per samples, since alpha-diversity indices are correlated with the number of 
sequences and can be influenced by differences in sequence number per sample. For 
rarefaction analyses, random subsampling of sequences was completed with 10 iterations of 
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each effort for the rarified 3500 sequences.  For alpha and beta diversity metrics, the 
QIIME scripts beta_diversity_through_plots.py, summarize_taxa_through_plots.py, and 
alpha_rarefaction.py were used to generate summary tables and graphs. Unweighted and 
weighted UniFrac distance matrices were then compared and used for Principal Coordinate 
Analysis (PCoA) analysis, which is an ordination method using multivariate analysis that 
indicates the similarity of microbial communities by mapping the samples in different 
dimensions (Lozupone et al., 2011).  
For analysis of ANME and associated SRB phylogeny, all unique ANME and DSS 
group OTUs were filtered using QIIME, and a phylogenetic tree was constructed using 
minimum-evolution subtree-pruning-regrafting and maximum-likelihood nearest-neighbor 
interchanges with FastTree 2.1 (Price et al., 2010). Local support values shown are based on 
the Shimodaira-Hasegawa (SH) test with 1,000 resamples, and black circles indicate branch 
values > 80%. The distribution of environmental samples across the generated maximum-
likelihood trees was then visualized using the Topiary Explorer software program (Pirrug et 
al., 2011). For the DSS tree, OTU branches from the same sediment sample were collapsed 
within the phylogeny to show major groups. The tree roots for ANME and DSS 
phylogenies are the 16S rRNA sequence of Pyrodictium occultum (M21087) and Archaeoglobus 
profundus DSM 5631 (NR_074522), respectively.  
 
Results  
Sediment geochemical properties  
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The geochemical properties of sediments and number of samples collected from 
Guaymas Basin (GB), Hydrate Ridge (HR), and Middle Valley (MV) are presented in 
Table 4.1. Sediments from the GB pushcore 1 (hereafter, GB 1 – 3 from the surface to 
deepest strata) were collected from a site characterized by warm temperatures (22 - 30°C) 
and relatively low methane (~1.5 mM) and sulfide (~1 mM) concentrations for typical GB 
sediments. In contrast, temperature was ~60°C, methane was ~4 mM, and sulfide was ~1.4 
mM in sediments from GB pushcore 2 (GB77). The three sediment pushcores from HR 
(hereafter, HR 1 – 3) were collected in and around Rorschach’s Mat, which is a thick white 
microbial mat at Southern HR characterized by high methane concentrations (~11 mM) 
with no heavier hydrocarbons present. HR 1 – 2 samples were collected directly from the 
mat area and contained white mat on top of the pushcores, while HR 3 was collected at the 
edge of the mat. The MV sediment samples (hereafter, MV 1 – 7 from the surface to 
deepest strata) were collected from the Chowder Hill hydrothermal vent field in MV, which 
is a site characterized by sharp temperature gradients (5 – 56°C in the upper 15 cm depth), 
high methane (15) and sulfide concentrations (~5 mM), and the presence of non-methane, 
short-chain alkanes (Adams et al., 2013). 
 
Table 4.1: Geochemical characteristics of investigated sampling sites. 
 
 
Temperature (°C) Methane Sulfate Sulfide Pushcore (no.) Strata (no.)
Guaymas Basin 60 4 17 2 1 3
Hydrate Ridge 4 - 5 5 - 15 4 - 22 11 3 1
Middle Valley 5 - 57 15 1 - 14 3 - 5 1 7
concentrations (mM)
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Microbial Illumina 16S rRNA amplicon sequencing 
After sequence processing and denoising as described in the methods, Illumina 
analysis of 16S rRNA gene amplicons yielded a total of 132255 quality sequences (> 250 bp) 
from 13 different sediment samples (3 from GB, 3 from HR, and 7 from MV). At the 97% 
sequence identity threshold, the sequences were then assigned to 11364 different OTUs. 
Good’s coverage, species richness, and diversity estimations were calculated to determine 
shifts in overall microbial diversity between GB, HR, and MV sediments. Good’s coverage 
revealed that the majority of microbial 16S rRNA sequences were represented in each 
sediment sample, with values ranging from 85.3 – 97.4% (Table 4.2). The Shannon index 
revealed a higher level of overall diversity in low methane GB sediments (GB 1 – 3) and 
surface MV sediments (MV 1 – 2), while the lowest level of diversity was found in the high 
methane GB sediment (GB77) and subsurface MV sediments (MV 6 – 7). The Chao 1 
values demonstrated that community richness was highest in the GB 1 – 3 sediments and 
subsurface HR sediments (HR2 and 3) and lowest in the GB77 sediment and MV 
subsurface sediments (MV 3 – 7). Only eight OTUs were shared across all communities 
(GB, HR, and MV), which were members of the Bacteroidia, Deltaproteobacteria (class 
Desulfarculales), Epsilonproteobacteria, JS1 candidate division, and Spirochaetes. 
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Table 4.2: The number of raw and filtered sequences, estimated Good's coverage of 
libraries, number of identified OTUs (>97% sequence identity), Shannon Index of diversity, 
and Chao I Values for each sequenced sample.  
 
Microbial richness and diversity across sediment communities 
Alpha-diversity indices were further corroborated by rarefaction analysis of 16S 
rRNA gene sequences retrieved from GB, HR, and MV sediments to compare the total 
number of observed species at the 97% OTU similarity level or OTUs in each sediment 
sample (Figure 4.1).  As in the Chao1 estimates, species richness was greatest in cold HR 
sediments (HR 1 – 3) and in hydrothermal, low methane GB sediments (GB 1 – 3). Of the 
GB 1 – 3 sequences, the observed number of species was higher in the subsurface sediment 
GB 3 compared to GB 1 and 2, which were strata closer to the seawater surface. In contrast, 
there were fewer observed species in sediment GB 77 compared to GB 1 – 3, and the level 
of diversity for GB77 was most similar to the subsurface sediments of MV 5 and 6. Species 
richness attenuated with greater depth in MV strata, which corresponded to the hottest 
temperatures measured across the in situ thermal gradient. Notably, diversity decreased with 
Sample Raw Sequences Filtered Sequences Good's Coverage Number of  OTUs Shannon Index Chao I Value 
(%) (>97 Identity) (95% conf. interval)
GB1 11038 8487 86.9 2052 9.35 3680 (3437, 3967)
GB2 7633 5372 85.4 1591 9.23 3202 (2938, 3519)
GB3 8634 6919 89.1 1473 8.55 2487 (2309, 2705)
GB771 5630 5233 95 527 6.97 1695 (1645, 1769)
HR1 10900 9989 94.3 1135 6.92 1879 (1732, 2065)
HR2 12533 11472 92.3 1735 8.37 3091 (2865, 3364)
HR3 7235 6440 88.1 1351 8.25 2654 (2419, 2942)
MV31 10405 9121 93 1466 8.6 2174 (2042, 2337)
MV32 15197 13278 95.3 1727 8.74 2319 (2209, 2455)
MV33 11026 9925 92.7 1432 8.12 2424 (2246, 2641) 
MV34 7388 6673 92.7 926 7.41 1698 (1529, 1913)
MV35 14704 11598 95.7 1064 7.37 1739 (1596, 1922)
MV36 13731 13179 97.4 720 6.11 1327 (1172, 1536)
MV37 17148 15834 97.3 1010 6.49 1427 (1335, 1546) 
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every depth interval, such that the number of observed species was greatest in surface 
sediments MV 1 – 2 and was lowest in subsurface MV 7. In comparison, the species 
richness of HR1 was most similar to MV subsurface sediments (MV 4 and 5), while HR 2 
and 3 were most comparable to surface MV sediments (MV1 and 2).  
 
 
Figure 4.1: Rarefaction analysis for the assessment of OTU coverage in sequences. 
Hydrate Ridge (HR 1 – 3), Guaymas Basin (GB 1 – 3, GB77), and Middle Valley (MV 1 – 
7) sequences clustered into OTUs using QIIME V. 1.8.0 (Caporaso et al., 2010a) and at 
97% similarity in UCLUST (Edgar, 2010).  Guaymas Basin and Middle Valley sediment 
strata are numbered from surface to the greatest depth sampled as 1 – 3 and 1 – 7, 
accordingly.   
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Beta-diversity metrics have been shown to be less sensitive to the potential effects of 
sequencing errors and chimeras than alpha-diversity measures (Ley et al., 2008). Therefore, 
the phylogenetic relatedness of sediment communities was compared using the Unifrac 
distance metric, and clustering was performed based on Unifrac distances to generate 
jackknifed principal coordinate analysis (PCoA) plots and UPGMA (unweighted pair group 
method with arithmetic mean) clustering (Lozupone et al., 2005). These analyses revealed a 
distinct clustering of 16S rRNA amplicons into the following sediment sample groups: GB 1 
- 3, HR 1 - 3, MV 4 and 5, and MV 6 and 7 (Figure 4.2).  
 
 
 
 
 
 
 
 
 
 
 
Figure 4.2: Jackknifed Principal Coordinates plots (PCoA) of Guaymas Basin, Hydrate 
Ridge, and Middle Valley sequences based on unweighted UniFrac distances. Each square 
is a plot rotation to show different aspects of the phylogenetic relatedness of communities. 
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In contrast, the PCoA plot showed a dispersed distribution of 16S rRNA gene 
sequences from MV surface sediments (MV 1 – 3) and the high methane GB sediment (GB 
77). The trends in microbial diversity from PCoA plots were further corroborated with 
UPGMA clustering to demonstrate the distinction between GB 1 – 3, HR 1 – 3, and MV 1 
– 2 clusters compared to GB 77, MV 3 – 5, and MV 6 – 7  (Figure 4.3).  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.3: UPGMA Unifrac clustering of Illumina 16S rRNA gene sequences retrieved 
from Guaymas Basin, Hydrate Ridge, and Middle Valley sediment samples. GB 1 – 3, HR 
1 – 3, and MV 1 – 2 clusters are shown in blue. GB 77, MV 3 – 5, and MV 6 – 7 clusters 
are shown in red.  
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Taxonomic composition of sediment communities  
The Illumina 16S rRNA gene sequencing revealed that while common taxa were 
present in different deep sea hydrocarbon-rich systems, there were distinctive taxonomic 
groups across depth profiles, geochemical regimes, and thermal gradients. A total of 3 
archaeal phyla (the Crenarchaeota, Euryarchaetoa, and Parvarchaeota) and over 60 
bacterial phyla were classified with the RDP classifier (Wang et al. 2007) using the most 
recent SILVA 16S rRNA database (SILVA 115). The Proteobacteria was the most abundant 
bacterial phyla across all sediment samples (31% of total sequences), while the Crenarchaeota 
and Euryarchaeota were the most abundant archaeal phyla (16 and 11% of total sequences, 
respectively). The Deltaproteobacteria, Epsilonprotebacteria, and Gammaproteobacteria were the 
dominant Proteobacterial classes in all sediment communities, while members of the 
Alphaproteobacteria and Betaproteobacteria were only detected in minor amounts (0.4 and 0.1%, 
respectively). The archaeal sediment communities were predominantly comprised of the 
ANME-1, Miscellaneous Crenarchaeota group (MCG), and Thermoplasmata classes at 7, 10, 
and 3% of total sequences, respectively.   
Microbial communities recovered from GB 1-3 strata were dominated by 
bacterial sequences allied to the Anaerolinae, Deltaproteobacteria, Epsilonprotebacteria, and 
Gammaproteobacteria classes. Over depth, there was a decrease in Gammaproteobacteria 
representation from 25% of GB 1 and 2 sequences to 11% of GB 3 sequences (Figure 4.4). 
There was also an increase in phylotypes of the JS1 candidate division at greater sediment 
depths, which comprised 3 and 4% of GB 1 and GB 2 sequences, respectively, and 14% of 
GB 3 sequences. Other relatively abundant classes detected in GB 1-3 sequences included 
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the Bacteroidia and Thermoplasmata. As in the PCoA and UPGMA plots (Figure 4.2 and 
4.3), GB 1-3 sequences were most similar in taxonomic composition to HR 1-3 sequences 
with the majority of phylotypes allied to the aforementioned Anaerolinae, Bacteroidia, 
Protebacteria, and Thermoplasmata (Figure 4.4).  
 
 
 
 
 
 
Figure 4.4: Relative abundance (percentage) of archaea and bacteria determined from 
Illumina 16S rRNA gene sequencing (~250 bp) of DNA recovered from Hydrate Ridge, 
Guaymas Basin, and Middle Valley sediments. GB 1 – 3 and MV 1 – 7 are shown left to 
right from surface strata to the greatest depth sampled. In this sediment sample set, GB77 is 
representative of high temperature sediments (High T), and HR 1 – 3 are representative of 
low temperature sediments (Low T). The 13 most abundant taxonomic classes and 
sequences that could not be classified at the class level (unclassified) are shown. 
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A striking difference between the 16S rRNA gene amplicons from these sediment 
communities was the lack of detectable ANME-1 phylotypes in GB 1 – 3 and the relative 
abundance of ANME-1 phylotypes in HR sequences, which comprised 14, 13, and 4% of 
HR 1, 2, and 3, respectively. ANME-2c phylotypes of the Methanosarcinales order were 
detected in GB 1 – 3, but comprised a small (<1%) percentage of the total sequences. In 
contrast to GB 1 – 3, sequences allied to ANME-1 were relatively abundant in GB 77 
sequences and comprised 11% of the total community. Other notable differences between 
the GB 1-3 and GB 77 sequences included that sequences allied to the Epsilonproteobacteria 
increased to 38% and Thermoplasmata decreased to 1% of GB 77 sequences. 
Sequences retrieved from MV 1 – 7 strata revealed a distinctive composition across 
these hydrothermal sediments compared to the other sediment communities surveyed in this 
study. Predominant classes (>10% of all MV sequences) included the Aigarchaeota, ANME-1, 
Deltaproteobacteria, Epsilonproteobacteria, Gammaproteobacteria, and MCG archaea (Figure 4.4). 
Over the sediment depth and across the thermal gradient of MV sediments, there were also 
changes in the contribution of these major classes to overall taxonomic composition. 
Phylotypes allied to the Aigarchaeota, ANME-1, and MCG archaea were not detected in 
surface sediments of MV 1 and exhibited a similar trend of greater representation in deeper 
sediment samples. Aigarchaeota phylotypes increased in deeper MV sediments from 2% of 
MV 3 to 9% of MV 7, and MCG phylotypes increased from 6% of MV 3 to 35 % of MV 6. 
ANME-1 sequences were most abundant at the deepest MV sample depths, comprising <1 
% of MV1 and 14% of MV 7.  In contrast, the representation of phylotypes allied to the 
Deltaproteobacteria was greatest in the surface sediment MV 1 sequences (14.9%) and lowest in 
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the subsurface MV 7 sequences (3.8%). Members of the Epsilonproteobacteria and 
Gammaproteobacteria were also most abundant in surface sediments contributing to 16 and 
15% of MV 1 and 2 sequences, respectively, but comprised a much less substantial 
proportion of subsurface sediments (Epsilonproteobacteria at 4, 4, 2, and 4% and 
Gammaproteobacteria at 1, 2, 2, and 3% of MV 2, 3, 4, and 5 sequences, respectively) and were 
not detected in the deepest sediment samples (MV 6 - 7).  
 
Genetic variants of SRB and ANME in geochemically distinct chemosynthetic ecosystems 
 Phylogenetic analysis of unique ANME-1 phylotypes (i.e, OTUs) retrieved 
from GB, HR, and MV sediments revealed a diversity of subgroups. After filtering of 
unique OTUs, the ANME-1 phylotypes identified in GB and HR sediment sequences 
clustered into distinct groups, while ANME-1 phylotypes from MV were found in all 
subgroups of the ANME-1 phylogeny (Figure 4.5). The predominant ANME-1 phylotypes 
found in HR sequences were most closely allied to previously identified members of ANME-
1a and ANME-1b subgroups (Figure 4.5, shown in blue). ANME-1a phylotypes were also 
detected in the hydrothermally influenced sediments of GB 77 (shown in orange) and MV 2 
– 5 (shown in pink and purple); however, the hydrothermal MV ANME-1a subgroup 
formed a separate branch from the ANME-1a of HR. A second group of ANME-1 
phylotypes from MV 2 – 3 sequences clustered into the ANME-1c subgroup (shown in 
pink). For sequences retrieved from the greatest depth in MV sediments and highest 
temperature investigated in this study (~56°C), ANME-1 phylotypes from MV 6 - 7 were 
most closely allied to previously identified ANME-1 GUAYMAS sequences (red). These 
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phylogenetic analyses clearly illustrate that ANME-1 phylotypes retrieved from different 
sediment depths and temperature regimes at MV were not monophyletic. 
 
 
 
Figure 4.5: Maximum-likelihood phylogenetic tree of unique 16S rRNA ANME 
sequences recovered from Guaymas Basin, Hydrate Ridge, and Middle Valley sediments. 
ANME sequences and uncultured environmental phylotypes from NCBI non-redundant 
database are shown in black. Unique ANME OTUs retrieved from GB 77 are shown in 
orange, HR 1- 3 are shown in blue, and MV 1- 7 are shown in pink and red. The tree was 
rooted to Pyrodictium occultum (M21087). Scale = 0.05 substitutions per site. 
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There were also striking differences between Deltaproteobacteria sequences from 
hydrothermal sulfidic sediments with relatively high porewater methane concentrations (i.e, 
MV 1 - 7 and GB77) compared to low temperature, methane seep sediments (HR 1-3) and 
hydrothermal sediments with relatively low sulfide and methane concentrations (GB 1-3) 
(See Table 4.1 for geochemical data). Among the Proteobacteria sequences allied to known 
sulfate-reducing members of the Deltaproteobacteria, GB 1-3 communities were dominated by 
the Desulfobacterales and Desulfarculales orders at 63, 61, and 55% and 10, 11, and 22% of GB 
1, 2, and 3 sequences, respectively (Figure 4.6). These orders also comprised the majority 
of Deltaproteobacteria sequences from HR sediments with 66, 50, and 66% of sequences allied 
to the Desulfobacterales and 14, 11, and 10% of sequences allied to the Desulfarculales for GB 1, 
2, and 3, respectively.  
 
 
 
 
 
 
 
 
 
Figure 4.6: Relative abundance (percentage) of Deltaproteobacteria determined from Illumina 
16S rRNA gene sequencing of DNA recovered from Hydrate Ridge, Guaymas Basin, and  
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Figure 4.6 (continued): Relative abundance (percentage) of Deltaproteobacteria determined 
from Illumina 16S rRNA gene sequencing of DNA recovered from Hydrate Ridge, 
Guaymas Basin, and Middle Valley sediments. GB 1 – 3 and MV 1 – 7 are shown left to 
right from surface strata to the greatest depth collected. In this sample set, GB77 is 
representative of high temperature sediments (High T), and HR 1 – 3 are representative of 
low temperature seep sediments (Low T). The 9 most abundant taxonomic orders and 
sequences that could not be classified at the order level (unclassified) are shown.  
 
The taxonomic composition of Deltaproteobacteria in MV surface sediments were most 
similar to GB 1- 3 and HR 1-3 sequences with phylotypes allied to the Desulfobacterales and 
Desulfarculales orders comprising 70% and 16% of MV 1 sequences, respectively. 
Intriguingly, there was a substantial decrease in the Desulfobacterales and Desulfarculales orders 
with increasing sediment depth and temperature in MV hydrothermal sediments. 
Sequences allied to the Desulfobacterales order declined from 70 % of MV 1 sequences to 22, 
17, 10, 12, 1, and 2% of sequences from MV 2, 3, 4, 5, 6, and 7, respectively, while 
sequences of the Desulfarculales order decreased from 34% of MV 2 to 17, 2, 4, 1, and 1% of 
MV 3, 4, 5, 6, and 7, respectively. In these hydrothermally influenced sediments (MV 2 – 
7), the Deltaproteobacteria communities were instead dominated by phylotypes of the 
Thermodesulfobacteriales order. Similarly, Thermodesulfobacteriales sequences were also the 
majority of GB77 sequences allied to the Deltaproteobacteria, comprising 58 % of total 
sequences.  
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To further analyze the diversity of SRB associated with AOM activity, phylogenetic 
analysis was performed on16S rRNA sequences of bacteria allied to the DSS group. A total 
of 99 unique OTUs were identified and filtered from GB, HR, and MV sequences. Within 
the DSS clade, the diversity of OTUs allied to SRB in GB 1 - 3 sequences exhibited great 
diversity and spanned four major Desulfobacteraceae groups: Desulfococcus, Desulfosarcina, SEEP 
SRB-1, and the Sva0081 sediment group (Figure 4.7, purple branches). In contrast to the 
phylogenetic diversity of GB sediments, DSS sequences from GB 77 comprised distinct 
lineages of Desulfobacula and SEEP SRB-1 phylotypes (yellow branches), HR sequences 
comprised two lineages of Desulfococcus and SEEP SRB-1 phylotypes (blue branches), and 
MV sequences comprised the majority of Desulfobacula phylotypes detected in this study (red 
branches). 
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Figure 4.7: Maximum-likelihood phylogenetic tree illustrating the relationships of 99 
unique 16S rRNA Desulfosarcina/Desulfococcus sequences recovered from Guaymas Basin, 
Hydrate Ridge, and Middle Valley sediments to Sulfate Reducing Bacteria (SRB) sequences 
and uncultured environmental phylotypes from NCBI non-redundant database. Unique 
SRB OTUs retrieved from GB 1 – 3 are shown in purple, GB 77 is shown in orange, HR 1- 
3 are shown in blue, and MV 1- 7 are shown in red. The tree was rooted to Archaeoglobus 
profundus DSM 5631 (NR_074522). Scale = 0.01 substitutions per site. 
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Discussion 
The intention of the analyses presented herein is to, in part, assess the degree to 
which this is true in marine systems, where the overlying ocean can readily act as a conduit 
for dispersal. Recently, advancements in genetic methodologies and sequencing technology 
have allowed for investigations of the geographic distribution of microbial organisms 
beyond the culture-based paradigm. As a consequence, microbial ecology has begun to 
incorporate macrobiological concepts of how to describe microbial populations with unique 
distributions along environmental gradients (Cohan and Perry, 2007; Papke and Ward, 
2004; Spratt et al., 2006). From macroecology, ecotype has been utilized to identify basic 
units of microbial communities thriving in unique niches or in distinct locations. For 
instance, ecotype theory has been applied to studies of Synechoccus and Prochlorococcus sp. 
phylogenetic variants in terrestrial hot springs and the marine water column indicating that 
different ecotypes in these systems are distributed according to gradients in temperature, 
light, and nutrients (Adams et al., 2008; Johnson et al., 2006; Rocap et al., 2003; Steunou et 
al., 2007).  
Geographic isolation is considered one of the primary forces driving plant and 
animal speciation, and such limits to dispersal may also exist for microbial ecotypes 
(Futuymas et al., 1986; Rosenzweig et al., 1995). Marine hydrocarbon seeps and 
hydrothermal vents present unique opportunities to investigate the role of geographic 
isolation in microbial phylotypes distribution as a “sea” of sediments separates these 
hydrocarbon-rich “islands” with the appropriate geochemical conditions to fuel such 
globally important metabolisms as AOM and SR. Hydrothermal vents add another layer of 
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potential ecotype formation because high temperature-adapted ecotypes must disperse 
across low temperature marine environments to these geothermal systems.  In this study, 
sediment communities from hydrothermal vents and a methane cold seep along the Pacific 
coast of the United States were compared over physicochemical gradients. The 
geographical range of these sites spans ~3000 km from the Southern to Northern most sites 
of two hydrothermally influenced systems (Guaymas Basin and Middle Valley). In contrast 
to these high temperature environments, Hydrate Ridge served as a study system that is 
representative of cold seeps, which most previous studies of AOM have targeted instead of 
geothermally heated marine sediments.  
The study presented herein provides a better understanding of what governs the 
distribution of microbial communities, particularly ANME and SRB phylotypes, in 
hydrocarbon-rich deep sea ecosystems. On a broader scale, phylogenetic analyses reveal 
that while certain archaeal and bacterial taxa were cosmopolitan in distribution, most 
phylotypes were found in a subset of samples or in a single hydrocarbon-rich environment. 
Furthermore, the distribution of most archaea and bacteria was correlated with 
temperature, methane availability, and sulfide concentrations. Broad changes in microbial 
richness and diversity across geographical ranges will first be addressed, followed by a 
discussion of the observed patterning of microbial communities across gradients in the two 
hydrothermal systems and what factors may control the environmental distribution and 
diversity of ANME and SRB ecotypes. 
 
Patterns in microbial diversity correlate with physicochemical environment 
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  Previous studies have revealed that marine sediments generally exhibit much greater 
bacterial diversity compared to terrestrial microbial ecosystems and the open ocean (Torsvik 
et al., 2002; Aravidraja et al., 2013). However, none to date have provided an in depth 
comparison of archaeal and bacterial communities found in hydrocarbon seep and 
hydrothermal vent sediments characterized by AOM activity. In this study, microbial 
diversity was relatively high in all sediments surveyed compared to other sediment-hosted 
hydrothermal systems and hydrothermal vent chimneys (Olins et al., 2013; Roussel et al., 
2011; Yanagawa, 2012). Microbial diversity and richness were greatest in hydrothermally 
influenced sediments from GB with relatively low methane and sulfide concentrations in 
comparison to GB sediments with higher methane concentrations, cold seep sediments of 
HR, or hydrothermal vent MV sediments (Table 4.2, Figure 4.1).  These results 
indicated that geochemical regimes are as significant as temperature controls on microbial 
diversity in GB sediment communities. Temperature also correlated with the number of 
observed OTUs in each sample and overall microbial diversity, as shown by the greater 
diversity and richness of cold seep HR sediments compared to high temperature, sulfidic 
GB or MV sediments with high concentrations of methane. Furthermore, these diverse 
geochemical and temperature regimes support distinct AOM mediating communities 
(ANME and SRB phylotypes) as discussed in the taxonomic composition results below, 
which may drive the observed differences in microbial diversity and richness between 
hydrocarbon-rich sediment ecosystems.  
 In this study, sediment microbial communities displayed distinct structures between 
low temperature and high temperature hydrocarbon-rich marine environments. The 
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clustering of low methane GB and cold seep HR sediments indicates the phylogenetic 
similarity of these communities as hydrocarbon-rich sediments in contrast to other study 
sites (Figure 4.2). Furthermore, the clustering of high temperature MV sediments indicates 
the role of temperature in microbial community composition at these hydrothermally 
influenced sites. The dispersed distribution of mesophillic GB and MV sediments reveals 
that temperature in addition to the unique geochemistry of these hydrothermal vent 
sediments results in distinct microbial communities, which is further corroborated by the 
phylogenetic analyses of the total communities (Figure 4.3). In addition to in situ thermal 
regimes, these distinctions in phylogenetic relatedness may result from the organic carbon 
content of these sediments and the high metal load characteristic of hydrothermal vent 
sediments in MV (Wankel et al., 2012). Site-specific environmental factors that may also 
affect the phylogenetic relationship between microbial communities include other 
geochemical parameters, such as fine-scale changes in substrate concentrations beyond the 
resolution accessible in this study, and temporal fluctuations in temperature and 
hydrothermal fluid flow to these sites.  
 
Stratification of microbial communities across geographic range and depth 
 Microbial composition was strikingly different in MV compared to GB and HR, 
even in the case of sediments with similar geochemical and thermal regimes (i.e., GB77 and 
subsurface MV sediments). At the kingdom level, the major difference in taxonomic 
composition between these communities was that phylotypes allied to the archaea 
dominated MV taxa in comparison to GB and HR, comprising up to ~70% of MV 
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communities.  Within the archaea, classes of Aigarchaeota and MCG archaea were abundant 
in MV sediments, but were not detected in GB and HR sediments or comprised <1% of 
these communities. The Aigarchaeota and MCG archaea have been retrieved from a wide 
range of marine sediments with various geochemical properties, indicating ecophysiological 
flexibility. The Aigarchaeota is a recently proposed archaeal class that is most closely related to 
the Thaumarchaeota (Spang et al., 2010) and the first representative metagenome was 
identified in a terrestrial hot spring (~85°C) (Eme et al., 2013). The metabolism of this class 
is not well understood, but members are hypothesized to grow chemolithotrophically with 
carbon monoxide as a carbon and energy source. MCG archaea have been retrieved from 
organic-poor, subsurface sediments and are abundant in zones of AOM activity with studies 
suggesting that MCG benefit directly or indirectly from AOM (Sorensen, 2006; Durbin, 
2012). In addition to temperature and substrate concentrations related to AOM, other 
notable differences between GB and MV are geographic separation and sediment organic 
carbon content. GB sediments are characterized by high organic carbon content (2-4%), 
while MV is relatively organic-poor (~0.4%) (Wankel et al., 2012). While other 
environmental parameters may be at play, these results illustrate the apparent correlation of 
methane and sulfide availability, temperature, and organic carbon content with archaeal 
diversity in hydrothermally influenced hydrocarbon-rich systems. 
Environmental stratification of microbial communities was apparent across depth in 
GB and across sediments in HR, which corresponded with proximity to the white microbial 
mats abundant in HR that are typically comprised of sulfide-oxidizing phylotypes. 
However, demarcation of microbial populations was most evident across depth in MV 
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sediments. The sharp thermal and geochemical gradients in MV provide an opportunity to 
investigate changes in microbial communities related to temperature and geochemistry over 
depth.  Microbial diversity decreased throughout MV strata with a subsequent relative 
increase of a few phylogenetic groups (ANME-1, Bacilli, the Aigarchaeota, and MCG 
candidate division).  In turn, there was also a substantial relative decrease in Proteobacteria 
across the thermal gradient from ~50% in surface sediments to < 5% of sediments at the 
greatest depth investigated.  
Previous studies have demonstrated that the distribution of Deltaproteobacteria 
associated with AOM activity and SR rates are both limited at higher temperatures in MV 
sediments (Wankel et al., 2012). The relative increase in specific phylogenetic groups, such 
as ANME-1, indicates that these taxa may thrive in higher temperature environments with 
available methane for AOM activity. Furthermore, AOM activity has also been shown to be 
uncoupled from SR at the hottest temperatures measured in MV sediments (Wankel et al., 
2012). This study presented herein corroborates that the distribution of ANME-1 
phylotypes is not limited at the hotter temperatures of greater sediment depths in MV and 
that the relative increase in ANME-1 in subsurface sediments may result in overall lower 
microbial diversity in these sediment strata.  
 
Environmental distribution of ANME and DSS ecotypes  
 Among these hydrocarbon-rich communities, there were distinct differences in 
ANME ecotypes indicative of underlying physicochemical controls on ANME distribution 
across GB, HR, and MV sediments. ANME-1 dominated both high temperature sediments 
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(GB77 and MV) and low temperature sediments (HR), and these sites were all characterized 
by relatively high concentrations of methane and sulfide. However, ANME-1 ecotypes were 
not detected in hydrothermal GB sediments with lower methane and sulfide concentrations. 
ANME-2 ecotypes comprised a minor component of these low methane GB sediment 
communities at warm temperatures (22 – 30°C), but were not detected in MV sediments of 
similar temperature regimes. Previous studies of GB have shown a similar distribution of 
ANME-1 and ANME-2 phylotypes according to methane availability at cool, warm, and 
hot temperatures (Biddle et al., 2011). 
The distribution of different subgroups of ANME-1 across MV sediments also 
indicated there was a correlation between temperature and the patterning of these ecotypes 
in the environment. There were at least three distinct ANME-1 lineages detected in MV 
sediments, which were distributed according to temperature regimes. ANME1-a ecotypes 
from lower temperature MV sediments clustered with ANME-1a ecotypes from HR and 
GB77, while there were separate clusters of mesophilic ANME-1c ecotypes and 
thermophilic ANME-1 ecotypes. ANME-1c ecotypes were first observed in a study of MV 
sediments at incubation temperatures of ~50°C (Wankel et al., 2012). In contrast, ANME-1 
ecotypes from the highest temperature MV strata were most phylogenetically similar to 
ANME-1Guaymas sequences, which have only been previously detected in high 
temperature GB sediments. Although these results clearly demonstrate the influence of 
temperature on ANME-1 ecotype distribution, these distinct ANME communities may 
reflect other environmental constraints across sediment depth (such as geochemical 
characteristics).  
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 In this study, sulfate-reducing members of the Deltaproteobacteria were recovered in all 
sediments surveyed, indicating that SRB are present in hydrocarbon-rich systems where 
sulfate is available. Within the SRB known to associated with ANME archaea (the DSS 
group), further phylogenetic analyses revealed that the greatest diversity of DSS phylotypes 
were present in GB sediments characterized by low methane concentrations and an array of 
hydrocarbon species. SEEP SBR-1 phylotypes from GB were most closely related to 
Desulfobacterium anilini, which are known specialists for the oxidation of aromatic compounds. 
The Sva0081 sediment group was also represented in GB sediment communities, and 
members of this group are most closely related to an alkane-oxidizing enrichment from cold 
seep sediments of the Gulf of Mexico (Propane12-GMe, Kniemeyer et al., 2007).  
This broad phylogenetic distribution of DSS phylotypes in GB sediments is most 
likely due to the diversity of non-methane hydrocarbon substrates available for SR and the 
lack of AOM assemblages detected in these sediments. In contrast to low methane GB 
sediments, the majority of sequences allied to the Deltaproteobacteria in MV and the high 
methane GB site were members of the Desulfobacula group, which are known thermophilic 
endospore-forming SRB that can disperse through a wide variety of marine habitats (de 
Rezende et al., 2012). These phylogenetic results indicate that temperature and the diversity 
of available hydrocarbon substrates appear to constrain the distribution of DSS phylotypes 
across hydrocarbon seep and hydrothermal vent sediments.  
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General relevance 
Our results, the first to explore microbial diversity and distribution in distinct 
hydrocarbon-rich sediments, provide insights into the physicochemical parameters 
constraining microbial communities, particularly ANME and SRB ecotypes, in the deep 
sea. The environmental gradients of GB and MV are reflected in distinct phylogenetic 
lineages of ANME and SRB ecotypes, which appear to be adapted to specific 
environmental conditions. Future studies should interrogate such thermal and chemical 
gradients across temporal and seasonal scales while monitoring other environmental factors 
that may affect microbial communities, such as fluid advection, sediment organic matter 
content, and the presence of alternative electron acceptors for AOM, particularly metal 
oxides. Additional studies should also interrogate the colonization of substrates in these 
environments by ANME and SRB ecotypes over time and space. The broad distribution of 
different ANME and SRB ecotypes across thermal and geochemical gradients in diverse, 
geographically separated hydrocarbon-rich ecosystems increases the known environmental 
niches that may support the globally important and climatically relevant process of AOM.   
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 Collectively, the chapters presented in this dissertation are the first in-depth analysis of 
the activity, diversity, and distribution of anaerobic methane and other short-chain alkane 
oxidizing and sulfate reducing microbial communities in hydrothermally influenced 
sediments. Using bioinformatic, molecular, and geochemical approaches, I determined the 
effect of environmentally relevant thermal gradients on the anaerobic oxidation of methane 
(C1), ethane (C2), propane (C3), and butane (C4) in relation to sulfate reduction (SR), the 
response of the microbial communities to temperature and alkane availability, and the 
distribution of these carbon and sulfur-cycling ecotypes across hydrothermally influenced 
deep sea sediments. These investigations have laid the foundation for future studies to 
determine the fate of short-chain alkanes in marine sediments, the degree to which 
anaerobic C2 – C4 alkane oxidation competes with the anaerobic oxidation of methane 
(AOM) for available oxidants, the effect of in situ conditions on these metabolisms and the 
associated microbial communities, and the distribution of these processes in other 
environments.  
 In Chapters 2 and 3, I presented the first published quantification of C1 – C4 alkane 
oxidation and SR rates across the thermal gradients found in Middle Valley (MV) 
sediments. While these results highlight the importance of short-chain alkanes in sedimented 
hydrothermal vents, the fate of non-methane, alkane-derived carbon in these systems is still 
largely unknown.  Future work should utilize stable isotope labeling to trace the fate of C2, 
C3, and C4-derived carbon in deep sea sediments, particularly at the high temperature 
regimes (55 – 75°C) found in Middle Valley.  Carbon derived from C2 – C4 alkanes may 
contribute to pools of dissolved inorganic carbon (DIC) or metabolites in the environment, 
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which would in turn affect the isotopic ratios of anaerobic methanotroph (ANME) and 
sulfate reducing bacteria (SRB) ecotypes. The carbon isotope ratios of carbon dioxide and 
C1 – C4 alkanes could be analyzed in sediments incubated with 13C2, 13C3, or 13C4 via 
Isotope Ratio Mass Spectrometry (IRMS). Alongside these analyses, lipids could be 
extracted, separated, and purified from sediment incubations to determine the isotopic 
composition of individual lipids that are diagnostic for 13C-tracer assimilation in ANME and 
SRB populations (glycerol dialkyl glycerol tetraethers (GDGTs) and fatty acids, 
respectively). Further studies employing cell sorting techniques (i.e. fluorescence activated 
cell sorting or FACS) with isotopic analyses and molecular identification of specific 
phylotypes via quantitative PCR (qPCR) would allow for a better understanding of the 
metabolic interactions between these microbial communities by determining if metabolites 
from C2 – C4 alkane oxidation are utilized by ANME or SRB ecotypes.  
 The geochemical interactions between short-chain alkane oxidizing and ANME 
populations could be further investigated to determine if the anaerobic oxidation of C2 – C4 
alkanes does in fact compete with AOM for available sulfate in deep sea sediments. In 
Chapter 3, measurements of C1 – C4 alkane and sulfate consumption over time in anoxic 
incubations of MV sediments indicate that the anaerobic oxidation of C2 – C4 alkanes may 
limit the availability of sulfate for AOM in hydrothermal vent sediments. At mesophilic to 
thermophilic temperatures, SR coupled to the consumption of C2, C3, or C4 alkane 
proceeds at a faster rate than AOM in incubations of MV sediments with each individual 
alkane. Future incubation experiments of MV sediment with C1 – C4 alkane mixtures under 
sulfate-replete conditions would provide a comparison of the consumption dynamics when 
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different alkane substrates are available. As in Chapter 2, stratification of C1 – C4 alkane 
oxidation in hydrothermal vent sediments should be further teased apart by employing flow-
through reactors with a thermal gradient. Such experiments would corroborate the 
consumption dynamics observed in this thesis and other studies, where the order of short-
chain alkane consumption is C3 followed by C4, C2, and C1, respectively.  
 Previous studies have also largely overlooked the consumption of C2 – C4 alkanes 
coupled to electron acceptors other than sulfate. The oxidation of C2 – C4 alkanes linked to 
alternative electron acceptors is particularly relevant in mid-ocean ridge hydrothermal vent 
systems, where metal oxides are found at high concentrations, the organic carbon load is 
relatively low, and SR rates can be uncoupled from AOM, as demonstrated in Chapter 2. 
Furthermore, C1 – C4 alkane degradation under anoxic, sulfate-limited conditions may 
likely depend on the availability of more bioenergetically favorable electron acceptors. 
Investigating the flexibility of the anaerobic oxidation of C2 - C4 alkanes for alternative 
electron acceptors, such as arsenic, iron, and manganese oxides, would reveal the full 
metabolic potential of these microbially mediated processes in the deep sea. 
 This dissertation also sheds light on the importance of interrogating AOM, the 
anaerobic oxidation of C2 - C4 alkanes, and the associated microbial communities under in 
situ conditions, which is a major technical challenge associated with such studies in the deep 
sea. In previous studies of enrichments and pure cultures, rates for C2 - C4 alkane oxidation 
and SR were all determined under conditions that are not representative of hydrocarbon 
seeps and sedimented hydrothermal vents. Both temperature and pressure are known to 
influence the solubility of C1 - C4 alkanes and enzyme function, which means that these rate 
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measurements are most likely not reflective of those on the seafloor. Flow through 
bioreactors operated at high pressure and/or in situ temperature, such as the modified 
anaerobic methane incubation system (AMIS) in Chapter 2, would allow for rate 
measurements that are more environmentally relevant and indicative of the local effects of 
these carbon and sulfur cycling processes in the deep sea. 
 Alongside rate measurements, the microbial communities responsible for the 
anaerobic oxidation of C1 - C4 alkanes could be further identified using molecular, 
microscopic, and stable isotope methods in future studies utilizing AMIS-type bioreactors. 
After enrichment of sediments under in situ conditions with each alkane, the dominant 
microorganisms mediating C1 - C4 alkane oxidation could then be determined by 
incubating the obtained enrichments with 13C1, 13C2, 13C3, or 13C4 followed by analysis via 
nanoSIMS (nanoscale secondary ion mass spectrometer). At the single cell level with 
nanoSIMS analysis, molecular probes could be designed and used to target the novel 
ANME and SRB clades discovered in this thesis or additional phylotypes recovered from 
16S rRNA gene sequencing of future incubations. Additionally, stable isotope probing (SIP) 
coupled to analysis of 16S rRNA gene sequences could be employed to reveal which 
microorganisms are enriched in the 13C - labeled substrates. A SIP-based study under 
environmentally relevant conditions would allow for the identification of C1 - C4 alkane 
oxidizing phylotypes not previously obtained in culture-based studies, which is particularly 
valuable as no microbe capable of C2 alkane oxidation has been isolated to date. 
 From these ex situ studies, the designed 16S rRNA gene sequence probes could then 
be employed to determine the distribution of microbial phylotypes mediating the anaerobic 
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oxidation of C1 - C4 alkanes in MV sediments. The MV hydrothermal vent field is a 
particularly interesting environment for such studies of microbial activity and ecology due to 
the sharp physicochemical gradients and diverse array of electron donors and acceptors that 
characterize these sediments. A powerful integrative approach may involve in situ 
quantification of C1 - C4 alkane flux from sediments and estimation of the associated rates 
alongside molecular studies of key phylotypes across the chemical and thermal gradients in 
MV sediments. Quantification of dissolved gases with an in situ mass spectrometer (ISMS) at 
MV sites known to have relatively high concentrations of C1-C4 alkanes will allow for a 
better understanding of alkane turnover in the environment in relation to levels of sulfide 
(the by-product of SR coupled to anaerobic C1-C4 alkane oxidation). The ISMS quantifies 
methane, sulfide, hydrogen, and other volatiles concurrently at high spatial and temporal 
resolution and also records the pH of these fluids in situ. Alongside these geochemical 
measurements should be quantification of ANME-1 phylotypes and the newly identified C2-
C4 oxidizing phylotypes in sediment cores collected and sectioned upon collection. After 
extraction of DNA across vertical sediment horizons, qPCR and catalyzed reporter 
deposition-fluorescence in situ hybridization (CARD-FISH) with probes from the 
community-level analyses would allow for identification and quantification of the anaerobic 
C1- C4 alkane oxidizing phylotypes. Quantification of the alkane flux from these sediments, 
rates of geochemical processes in situ, and key microbial phylotypes will ground-truth the 
role of C1- C4 alkanes and SR in hydrothermal vent systems. 
 In addition to the 16S rRNA based studies presented in this thesis, advancements in 
next generation sequencing should also be used for future investigations of functional genes 
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diagnostic for AOM, C2-C4 alkane oxidation, and SR in MV sediments. Only recently have 
unforeseen clades of ANME-1 and SRB been revealed by high throughput sequencing of 
16S rRNA gene in hydrothermally influenced sediments, such as in the thesis presented 
herein. By utilizing Illumina sequencing technology, functional gene studies of the mcrA gene 
(a taxonomic marker for AOM and methanogenesis) and dsrB gene (found in both sulfate- 
and sulfite-reducing microorganisms) may uncover additional clades of methane- and 
sulfur-cycling phylotypes that mediate AOM and SR in hydrothermal vent niches. Primers 
should also be designed to target the gene encoding the n-alkane activating enzyme (Mas) in 
C3 and C4 degrading bacteria, which would allow for future studies of the anaerobic C3 and 
C4 oxidizing communities in MV sediments with much greater phylogenetic resolution.  In 
combination with quantitative molecular (qPCR) and microscopic techniques (CARD-
FISH), this approach would shed light on the abundance, diversity, and distribution of C3 
and C4 alkane degrading phylotypes along the environmental gradients found in 
hydrothermally influenced sediments.  
 Development of the aforementioned molecular and geochemical techniques to 
interrogate C1-C4 alkane oxidation in MV sediments can then be utilized on a global scale 
to address the widespread impact of these carbon- and sulfur-cycling metabolisms in a 
diverse array of environments, such as organic carbon-rich marine sediments, terrestrial 
ecosystems, and the deep subsurface. Guaymas Basin (GB) is an organic-rich, sedimented 
hydrothermal vent environment where AOM coupled to SR is known to occur across a 
range of habitats and at elevated temperatures. Due to the presence of C1- C4 alkanes with a 
complex mixture of organic compounds, GB is a striking comparison to the relatively 
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organic-poor MV hydrothermal vent field. Future investigations of hydrothermally 
influenced sediments in GB should focus on the competition for sulfate between these 
different metabolic pathways and the effects of a diverse carbon pool on the distribution of 
C1- C4 alkane oxidizing phylotypes and community structure. 
 Such advancements in bioinformatics, molecular methods, and geochemical 
techniques should also be applied to terrestrial ecosystems to determine the role of these 
environments in the cycling of C1- C4 alkanes on both local and global scales.  As described 
earlier in this thesis, methanogens has been intensively studied at the metabolic, cellular, 
and ecological level in anoxic terrestrial environments. To date, only a handful of studies 
have investigated AOM in terrestrial habitats, with stable isotope data indicating that AOM 
occurs in forest soils, marshlands, peat bogs, and permafrost. Recently, 16S rRNA gene 
sequences of known ANMEs have been retrieved from soils, aquifers, and oilfields.  As 
described in Ch. 2, anaerobic oxidation of C3 was demonstrated in enrichments of SRB 
from a terrestrial, sulfidic hydrocarbon seep with the complete degradation of C3 to CO2 
coupled to the stoichiometric reduction of sulfate to sulfide. Future studies of anaerobic C1- 
C4 alkane oxidation in terrestrial ecosystems should identify the key microbial phylotypes 
mediating these processes, the flux of C1- C4 alkanes from these environments, the 
associated rates under environmentally relevant conditions, and the identity of electron 
acceptors coupled to C1- C4 alkane oxidation. 
 An environment that also remains elusive to the characterization of C1- C4 alkane 
oxidation is hydrate formations in the deep subsurface. Hydrates are ice-like solids that form 
when a guest molecule, which may include C1- C4 alkane, is trapped within the crystal 
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structure of water at the appropriate temperature and pressure. In gas hydrate stability 
zones found hundreds of meters below the seafloor, methanogenesis is known to contribute 
significantly to the formation of hydrates. In comparison to seafloor environments, sulfate 
concentrations are typically low in the deep subsurface, which eliminates the competition 
for electron donors between methanogens and SRB. However, only a handful of studies to 
date have investigated the potential for AOM in gas-hydrate associated sediments. Further 
investigation of C1- C4 alkane oxidation in the deep subsurface should use the previously 
described tools to determine if the distribution and diversity of ANME and C2- C4 alkane 
oxidizing phylotypes associated with hydrates is driven by sulfate availability across these 
ecosystems and what electron acceptors fuel these metabolisms.  
 While much research in the past 25 years on microbial methane cycling led to the 
characterization of AOM and the ANME-SRB microbial consortia, the recent discovery of 
the anaerobic oxidation of C2- C4 alkanes by SRB in deep sea environments has shed light 
on the gaps in our knowledge of the microorganisms and biogeochemical cycles associated 
with these metabolisms. Relatively little is known about the microbial communities 
responsible for C2- C4 oxidation, the degree to which these phylotypes interact, the impact 
on AOM activity, and subsequently, how these biogeochemical processes are related. The 
future studies outlined here will allow for a better understanding of the extent of C1- C4 
alkane oxidation and SR in a diversity of anoxic ecosystems and the role of these microbial 
communities in carbon and sulfur cycling on a global scale. 
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Supporting information: 
Dissolved methane concentrations  
Dissolved methane concentrations were analyzed two different ways.  Initially, 
periodic fluid samples (0.5ml) were collected from the outflow of the core incubations and 
were analyzed immediately on an HP5890 gas chromatograph equipped 2 m 1/8” column 
packed with molecular sieve 5A.  Sample peaks were detected with a thermal conductivity 
detector (TCD) and standard gas mixes (Scott Gases, Inc.) were used to calibrate the 
response of the TCD.  This approach yielded reproducibility of approximately ±5%.  
Dissolved methane concentrations were also estimated using the integrated peak area from 
the isotope ratio mass spectrometer (IRMS) with Henry’s law for the partitioning of 
dissolved and gas phase methane within the headspace of the sample vials.  IRMS peak 
areas allow estimation of the CH4 concentration within sample vials, while Henry’s law (and 
temperature) allows for estimation of the dissolved CH4 concentration in the seawater 
sample. This approach generally resulted in concentration values that were consistent with 
the GC approach.  All data reported here are based on the IRMS peak area approach with 
standard reproducibility of approximately ±7%. 
Stable carbon isotope composition of sediment organic matter   
After completion of the experimental incubations, aliquots of sediment from 2.5 cm depth 
intervals were oven dried (50˚C) and homogenized by mortar and pestle.  Approximately 20 
mg of sediment was weighed, acidified with 0.1 M HCl (to remove inorganic carbon) and 
analyzed for total C and d13C using an elemental analyzer (Carlo Erba 1500) coupled to a 
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Delta Plus isotope ratio mass spectrometer (ThermoFinnigan, Inc.).  Based on analyses of 
isotopically calibrated standards and duplicate measurements, analytical precision was 
0.2‰ for d13C and 0.2% for %C. 
Radiotracer batch incubations for AOM and SR rate measurements 
In parallel to the flow-through core incubations, freshly collected sediment cores 
recovered from the same sites at Middle Valley were sectioned, homogenized and 
incubated in crimp sealed 150 ml serum vials with the same artificial vent water used in the 
flow-through system.  Subsamples from four depths (0 - 4, 4 - 8, 8 - 12 and 12 – 18 cm) 
were incubated at three different temperatures (20, 55 and 90˚C) for 3 days.  These 
sediments were mixed in equal proportions with filter-sterilized seawater containing 1.8 
mM dissolved methane and 1 mM hydrogen sulfide.  Rates of AOM were determined by 
incubating samples with 14CH4 and tracking the production of 14CO2 as in (Joye et al., 1999; 
Valentine et al., 2001).  After 3 days, all incubations were stopped via the addition of 10 N 
NaOH. All samples were run in triplicate.  Killed controls, which were sediment samples 
that were initially amended with 10 N NaOH, were also run in triplicate for 48 hours prior 
to analysis.  Unreacted 14CH4 tracer was removed by purging with water-saturated CH4, 
and the 14CO2 oxidation product was quantified following acid extraction and trapping on 
a phenethylamine wick followed by liquid scintillation counting (Carini et al., 2005).  
To quantify sulfate reduction rates, sediment samples for sulfate reduction analysis 
were transferred into gas tight glass tubes, amended with radiotracer (approximately 20 
million DPM of 35SO42-) and incubated for 48 hours (Canfield, 1986; Fossing and Jorgensen 
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1989; Orcutt et al., 2005).  For each depth horizon, triplicate samples were incubated 
alongside controls (killed with sodium hydroxide at time zero).  After incubation, samples 
were transferred from the tubes to 50ml centrifuge tubes and mixed with 20% zinc acetate.  
The resulting precipitate was copiously rinsed in an anaerobic chamber to remove any 
remaining 35SO42-.  Stabilization of low amounts of produced 35S-reduced sulfur is achieved 
by amending the samples with cold H2S (5 mM) as a carrier, which reduces loss of labeled 
35S-reduced sulfur.  This protocol allows us to achieve a detection limit on the order of 10's 
of pmol cc-1 d-1 for longer (48-72 hr) incubations. In these particular experiments, killed 
controls averaged around 80 DPMs and the variability of activity in controls was 
approximately  ±5 DPM. In contrast, activity recovered in samples averaged >20,000 DPM 
for the more active sediments and >200 DPM for the less active sediments. For the 90 ºC 
incubations, live incubations were only ~10 DPM above the controls and thus were below 
our detection limit.  
Sediment nucleic acid extraction and purification 
At the conclusion of the flow-through incubations, sediments were extruded and 
sectioned at 2cm intervals from all cores.  From the center of each core section, 
approximately 15–30 g of sediment was collected directly into a 15ml cryovial, flash frozen 
in liquid nitrogen and stored at -80˚C until further molecular analyses.  Total genomic 
DNA was extracted with a modified version of the Powersoil soil DNA extraction kit 
(Mobio, Carlsbad, CA).  The protocol was optimized to prevent nucleic acid yield loss and 
eliminate potential inhibitors of downstream PCR applications in metalliferous sediments 
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with low biomass, as described in Webster et al. (2004).  Briefly, 5 × 0.5 g of sediment was 
extracted per strata according to the manufacturer’s instructions with addition of 200 µg of 
poly-adenylic acid (poly A) during the lysis step and an extended final matrix binding step 
of 5 min at 32°C.  Replicate crude DNA fractions (5 × 0.5 g) were pooled, purified, and 
concentrated with centrifugal filter devices (microsep 10K; Pall Filtron Corp., East Hills, 
NY) then eluted in 50 µl TE buffer (10 mM Tris hydrochloride, 1 mM EDTA, pH 8.0).  
The concentration of both crude and purified extracts was determined by using the Quant-
iT™ dsDNA high sensitivity Assay (Invitrogen, Carlsbad, CA), and fluorescence was 
measured using a Qubit Fluorometer (Invitrogen, Carlsbad, CA).  
Massively parallel sequencing and phylogenetic community analysis 
To characterize the primary predominant bacterial and archaeal populations in 
selected sediment strata, massively parallel sequencing of the 16S small-subunit rRNA gene 
(SSU rRNA) was performed on DNA extracts using the 27F/519R primer pair for the 
bacterial V1 – V3 region and the 340F/806R primer pair for the archaeal V3 – V4 region 
(Dowd et al., 2008; Acosta-Martinez et al., 2010).  The resulting amplicons were checked for 
sequence quality, trimmed, filtered and analyzed in the software MOTHUR (Schloss et al., 
2009). The presence of sequence ambiguities, long homopolymers and quality scores were 
first used to filter pyrosequences and those < 200 bp or > 500 bp were then removed after 
viewing sequence lengths in a histogram graph. After selection of unique sequences, 
chimeras were eliminated using commands modeled after the program ChimeraSlayer 
written by the Broad Institute and sequences likely generated due to pyrosequencing errors 
were removed using a pseudo-single linkage algorithm in MOTHUR (i.e., pre.cluster).  The 
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resulting sequences were aligned using SILVA SEED Bacteria and Archaea databases, 
respectively, and operational taxonomic units (OTUs) were defined as sequences sharing 
85% nucleotide sequence identity for further community analyses. Identified ANME-1a 
sequences were then compared to known archaeal sequences from Genbank at the 97% 
nucleotide sequence identify level, and an approximate maximum likelihood phylogeny was 
generated using FastTree, a program designed to infer phylogenies for alignments with 
hundreds to thousands of sequences (Price et al., 2010). 
Quantification of ANME-1 from sediment incubations 
From the previously described phylogenetic analysis, the ANME-1a subgroup was 
the only phylotypes recovered in our libraries that are known to mediate AOM. The 
ANME-2c subgroup was also targeted in these analyses to indicate if other previously 
identified ANME clusters were present in the hydrothermal vent sediments after whole core 
incubations.  Quantitative PCR assays that specifically target ANME-1a and ANME-2c 
(Girguis et al., 2005) were used to quantify cell densities across all sediment core horizons.   
Real-time quantitative PCR (qPCR) was performed with SYBR Green chemistry (PerfeCTa 
SYBR Green FastMix, Low ROX; Quanta Biosciences, Gaithersburg, MD) and TaqMan 
chemistry (Taqman Universal Master Mix; ABI, Foster City, CA) using a Stratagene 
Mx3000p qPCR machine (Stratagene, La Jolla, CA).  All purified DNA extractions were 
diluted 1:10 in nuclease-free water and 2 µl was used in a 20 µl qPCR reaction containing 
1µl of 10 mM forward and reverse primer, 10 µl of SYBR Green FastMix (VWR) and 1 µl 
Bovine Serum Albumin (10mg/ml) to relieve reaction interference.  The specificity of the 
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qPCR was evaluated by performing a temperature melt curve analysis.  The copy number 
was quantified by comparing the cycle threshold (CT) values, determined for each PCR 
reaction, with a standard curve of CT values generated using known amounts of DNA for 
the target sequence from a previously generated ANME-1a clone (Eel-36a2g10; GenBank 
Accession no AF354137.1) over a 10-fold dilution series (Orphan et al., 2001).  At least two 
technical replicates were performed for all qPCR reactions along with duplicate inhibitor 
test reactions.  All copy number values presented are standardized to grams of sediment 
extracted (Girguis et al., 2005). 
Determination of cell density via epifluorescence microscopy  
  Fixed sediment subsamples stored in 50% ethanol:50% phosphate buffered saline 
were diluted 1:100 by suspension in 0.2 mm filter-sterilized phosphate buffered saline. Cell 
suspensions were then generated by addition of Triton X (.1% final concentration) and 
gentle vortexing at 4˚C for 3 hours. Using a filtration manifold (Millipore, 1225), 500 µL of 
this cell suspension was filtered through a 0.02 µM pore size track-etched membrane filter 
(Whatman, Germany) backed by a 0.45 µM cellulose nitrate membrane filter (Whatman, 
Germany) at low vacuum for 60 sec. Filters were then washed with SYBR I working 
solution in 500 µL sterile phosphate buffered saline at a final dilution of 2.5 × 10-3, as 
indicated by the manufacturer (Molecular Probes, Inc., Eugene, OR). The staining solution 
was applied in the dark to the filter and incubated for 15 min, followed by a wash with 1 X 
PBS and filtration to dryness. The filter was then removed with forceps, laid sample side up 
on a glass slide and a drop of sterile immersion oil was applied on a 25 mm square cover slip 
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placed above the slide. Prepared slides were analyzed immediately using a Leica DMRB 
fluorescence microscope (Wetzlar, Germany) with l00X objectives and a gridded ocular. 
Fluorescent in situ hybridization (FISH)  
Subsamples (1g) from each horizon were collected during core extraction, fixed in 
4% paraformaldehyde and stored in 50% ethanol:50% phosphate buffered saline solution at 
4˚C.  Preserved sediments were diluted 1:250 by suspension in 0.2 mm filter-sterilized 
seawater.  Diluted samples were briefly sonicated for 15 s at 32 A (Sonics and Materials, 
Inc.) and then filtered onto 47 mm-diameter 0.2 mm GTTP polycarbonate filters (Millipore 
Inc).  Filters were washed and then hybridized with bacterial Desulfosarcina-Desulfococcus and 
archaeal ANME-1 group-specific fluorescently labeled probes as previously described 
(Girguis et al., 2003).  Filters were imaged on a Zeiss LSM 510 upright confocal microscope 
at the Center for Biological Imaging (Cambridge, MA). 
Fe speciation by X-ray absorption spectroscopy 
The speciation of Fe within the Middle Valley sediments was explored at various 
depths using synchrotron-based X-ray absorption spectroscopy (XAS) (for details see 
(Hansel et al., 2003)).   Six sediment depths were analyzed:  0-3, 3-6, 6-9, 9-12, 12-15, and 
15-20 cm.  Samples were mounted in an anaerobic glove bag on a Teflon plate and sealed 
with Kapton polyimide film to prevent moisture loss and oxidation while minimizing X-ray 
absorption.  XAS was performed at the Stanford Synchrotron Radiation Lightsource 
(SSRL) on beamline 4-3 using a He-purged sample chamber.  Spectra were acquired from -
200 to approximately 1000 eV around the K-edge of Fe (7111 eV).  The average oxidation 
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state of Fe was observed by comparison of the near-edge feature of the XAS spectra 
(XANES region) of the sediments relative to standard spectra.  The mineralogical 
composition of the sediments was obtained using the extended region of the XAS spectra 
(EXAFS region).   Specifically, the percentage of various Fe phases in the sediments was 
determined by conducting a linear combination fit of the sediment k3-weighted EXAFS 
(LC-EXAFS) spectra with a set of reference standards as described in detail previously 
(Hansel et al., 2003) using the fitting program SIXPack (Webb, 2005).  This “spectral 
fingerprint component” approach has proven very useful in deconstructing Fe mineralogy 
in heterogeneous samples (Hansel et al., 2008).   
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Figure S2.1:  Fluorescent in situ hybridization (FISH) images of ANME-1 archaea and 
Desulfosarcina-Desulfococcus sulfate reducing bacteria from three different sediment 
temperatures (20°C, 55°C and 90°C).  Probe specificity and hybridization conditions are 
described in Girguis et al. (2005) and the supporting information.  
Wankel et al ., 
Fig S1
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Figure S2.2:  Maximum-likelihood phylogenetic tree illustrating the relationships of 16 ssu 
rRNA ANME-1 sequences recovered from Middle Valley sediments to archaeal sequences 
from NCBI non-redundant database.  Phylogenetic tree was generated with FastTree 2.0.0 
(Price et al. 2010) using minimum-evolution subtree-pruning-regrafting and maximum-
likelihood nearest-neighbor interchanges.  Local support values shown are based on the 
Shimodaira- Hasegawa (SH) test.  The tree was rooted to Pyrodictium occultum (M21087). 
Scale = 0.09 substitutions per site. 
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Figure S2.3:  Fe K-edge XANES (left) and EXAFS (right) spectra for Middle Valley 
sediments.  As revealed by a shift in the inflection point of the absorption edge to higher 
energies, XANES spectra reveal a dominance of Fe(II) in the upper sediments (0-3 cm) and 
mixed Fe(II)/Fe(III) in deeper sediments (below 6 cm). Spectra for the depths 0-3 and 3-6 
cm, 6-9 and 9-12 cm, and 12-15 and 15-20 cm were nearly identical – one representative 
spectra is shown for each interval.  Standard spectra for iron sulfide (FeS) and lepidocrocite 
(g-FeOOH) are included to illustrate the binding energies for Fe(II) and Fe(III), respectively. 
The Fe EXAFS spectra of sediments collected at 6-9 cm (black solid line) can be fit with a 
linear combination of standard spectra composed of green rust sulfate (32 mole %), siderite 
(24 mole %), and various Fe sulfides, including pyrrhotite, pyrite and mackinawite (44 mole 
%) (c2red=1.9; R-factor=0.06). 
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Table S2.1: Total cell densities in sediments incubated on the thermal gradient, 
continuous flow bioreactor (cells ml sediment-1). Cells counts were obtained by filtering 
sediment cell suspensions, staining with SYBR I and counting at 100X on an epifluorescent 
scope. 
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